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ABSTRACT

As stars in the Galactic halo tend to be old and chemically deficient, understanding their
chemo-dynamics provides critical insight into the early formation history of the Milky Way.
For the past two decades, large data surveys like the Sloan Digital Sky Survey and the
Hipparcos have significantly improved our view of the Galactic halo from studies of its
luminous members, such as red giants. Low-mass stars (K and M dwarfs), however, have
not been emphasized in these studies due to their low brightness, despite the fact that they
are statistically the dominant stars in the halo. Thanks to the recent data releases from the
Gaia mission, we are now entering a revolutionary era of precision in stellar astronomy, with
parallaxes and spatial motions measured for over 1.47 billion stars. The Gaia catalog includes
unprecedented numbers of low-mass stars with precise distances, colors, and brightnesses,
which allow us to make a detailed blueprint of stellar types in the Solar neighborhood. In an
attempt to study the chemo-dynamics of halo low-mass stars, we present a catalog of 551,214
halo main-sequence stars and a supplementary catalog of halo white dwarf candidates. We

also attempt to measure metallicities of those stars by defining a photometric metallicity
grid via a color-magnitude diagram, and calibrate this grid by using a set of 17, 170 stars
with precisely measured spectroscopic metallicities from various surveys. We find that our
sample shares similar kinematics as reported in recent studies of red giants in the halo. We
determine luminosity functions of the local halo based on the number of stars within 100, 300,
and 500 pc from the Sun as a function of absolute magnitude, MG . The number of metalpoor, low-mass stars is significantly lower than that of metal-rich, low-mass stars, which
may suggest the top-heavy initial mass function for the local halo. We further investigate
the kinematics of our sample and identify 103 new members of the Helmi stream, which is a
tidal debris stream of a dwarf galaxy accreted onto the Galaxy 5 − 8 Gyr ago.
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yr−1 ) stars in the Gaia EDR3 in six different regions in the sky (see Figure 3.1).
High velocity stars (vt > 200 km s−1 ) are plotted as blue dots and identify the
general locus of halo stars in each diagram. We define empirical color-RPM
relationships (upper black-dashed lines) to identify all likely halo candidates.
We identify 551, 214 stars in total that are selected to be the halo stars.
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3.3

CMDs of stars with precise spectroscopic metallicities (σ([Fe/H])/[Fe/H] ≤
0.15) from SDSS APOGEE DR16 (443 stars), LAMOST DR6 MRS (383 stars)
and LRS catalogs (10,608 stars from the AFGK dwarfs catalog and 1,268
stars from the M dwarf catalog), GALAH DR3 (507 stars), SDSS SEGUEI/II (3,656 stars), Hejazi et al. (2020) (162 stars), and SDSS M dwarf catalog
(3,020 stars). For convenience, we use [Fe/H], instead of [M/H], for describing
chemical abundances of M dwarfs. For stars in the SDSS M dwarfs catalog, we
uniformly assigned random [Fe/H] values depending on their subtypes (also
see Table 3.2).
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CMDs for all stars (20, 047 stars; left) in the collective calibration dataset and
for a “cleaned” subset (17, 170 stars; right) obtained after removing duplicates
and contaminants. We assign weighted averages to spectroscopic metallicities
of 856 stars that have been observed multiple surveys (duplicates), then remove stars most likely to be unresolved pairs and WD+M binaries, using the
procedure described in § 3.3.1. Most turn-off stars end up being eliminated
as well from the binary removal procedure.

3.5

. . . . . . . . . . . . . . . . . .

59

A CMD of all halo candidates with their photometric metallicity estimated
from the KNN regressor. This provides a crude representation of the colormagnitude-metallicity relationship for these low mass stars, but irregularities
in the estimated metallicity distribution suggests random and systematic errors in the KNN calibrators, and possible effects due to unresolved binaries.
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Left: histogram of spectroscopic metallicities for the 17, 170 stars in the collective dataset. Right: histogram of metallicity estimates from the KNN regressor fit for halo candidates. The overall shape of both histograms appears
similar. A bimodal peak in both distributions reflects the true signature of
the dual populations of the halo.
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3.7

Linear fits to stars in each bin of absolute magnitude MG in the parameter
space of spectroscopic metallicity [Fe/H] and G − GRP color. Gray dashed
lines are the initial linear fits to data and red solid lines are the final fits to
black points that have selected after cleaning the outliers (gray points). Red
points are the initial grid points of G − GRP colors as given [Fe/H] values in
each MG bin (see Figure 3.8). . . . . . . . . . . . . . . . . . . . . . . . . . .
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CMD of stars in the collective calibration dataset with spectroscopic metallicities represented on the color scale, and with the resulting photometric metallicity grid overlaid. The grid lines have assigned [Fe/H] values that vary from
-3.0 (left) to +0.3 (right), in 0.3 dex increments. Dash-dotted, dashed, and
solid lines represent the grid lines with metallicity values, [Fe/H] = 0.0, −1.2,
and −3.0, respectively. A gray dotted line shows the extrapolated grid with
the metallicity of [Fe/H] = 0.3.
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Scatter plots displaying the difference in the estimated photometric metallicity values from the grid between the primary and secondary star for 116
K+K (left) and 213 K+M (right) common-proper-motion pairs from the SUPERWIDE catalog, with high Bayesian probability (≥ 95%) of being physical
binaries. Red line are linear fits to stars (black points) whose metallicity deficit
is less than 2σ of the overall distribution after excluding outliers (gray points).
Shaded regions at the top-right and bottom-left of the panels represent the
metallicity deficit limits set by our grid.

xxi

. . . . . . . . . . . . . . . . . . . .

67

3.10 Left: Same plot as Figure 3.8, showing the initial photometric metallicity grid.
Right: metallicity distribution and grid after a corrective offset is applied to
the metallicity values of the M dwarfs. Spectroscopic metallicities for stars
with MG > 7.5 are corrected by subtracting 0.5 dex to correct for the inconsistency in the metallicity values of K+M pairs, as shown in the bottom panel
in Figure 3.9. The offset brings the photometric metallicities of K+M pairs
in agreement, as shown in the bottom panel of Figure 3.11.
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3.11 Same as Figure 3.9, but using the metallicity estimates from the revised grid,
after corrections to the spectroscopic metallicity estimates of the M dwarf
calibrators. The revised grid brings the photometric metrallicity values of the
K+M pairs in agreement, which shows that the grid is self-consistent.
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3.12 CMDs of stars in our nearby halo catalog, grouped in bins of Galactic latitude. The photometric metallicity grid lines with [Fe/H]grid = 0.0, −1.2, and
−3.0 dex are shown in gray dash-dotted, dashed, and solid lines. The color
distribution of the late-type, low-mass population (MG ≥ 8.0) appears to
be similar, regardless of Galactic latitude. Early-type stars in low Galactic
latitude (|b| ≤ 30◦ ), on the other hand, show a noticeable drift to the red
which suggests reddening effects, and likely results in an overestimate of their
[Fe/H]grid . Low-mass stars are less susceptible to reddening errors because
they are systematically closer, which makes their photometric metallicities
more reliable. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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3.13 CMDs of stars grouped in accordance with distance. The grid lines with
[Fe/H]grid = 0.0, −1.2, and −3.0 dex are shown in gray dash-dotted, dashed,
and solid lines. Although we do not limit distance or magnitude in our sample,
the volume of the catalog is limited within 2kpc from the Sun due to the faint
brightness of main-sequence stars. More than half of stars in the catalog are
late-type dwarfs (MG > 7.5) that are mostly found in a volume of 500 pc.
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3.14 Histograms of stars in the Solar neighborhood, grouped in bins of increasing
volume. Red histograms represent the number counts of metal-rich stars (the
red sequence; −1.2 < [Fe/H] < 0.3) and gray histograms show the counts
of metal-poor stars (the blue sequence; −3.0 < [Fe/H] ≤ −1.2), both as a
function of absolute magnitude MG . Black dashed and solid lines in each
panel are the Gaussian fits to the histograms of stars within 300 pc from the
Sun, but rescaled in the other two plots to match the amplitude.
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3.15 Top: CMD of all halo candidates in the catalog, with the empirical photometric metallicity grid overplotted (gray lines). The very sparse objects found at
the lower-left of the main-sequence are most likely to be WD+M pairs, which
may belong to the Galactic disk, not the halo. The yellow and blue lines
represent the PARSEC theoretical model isochrones (Bressan et al. 2012) with
[Fe/H] = −0.5 and −1.2 and ages of 10, 11, and 12 Gyr from the left to right.
Bottom: histogram of [Fe/H]grid of halo dwarf candidates in the high Galactic
latitude (|b| > 50◦ ). The distribution shows bimodality consistent with two
populations with [Fe/H]grid ' −0.7 and −1.7, which reflects the dual main
sequences shown in the top panel.
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3.16 Distribution of stars in our catalog with color-coded [Fe/H]grid values in the
projected Galactic (U, V, W ) spatial velocity space. A yellow star represents
the Sun. Gray shaded area displays kinematic limits of the disk population
(V < 200 km s−1 ). Although these are not drawn by the actual U V W velocities, a well-known stellar stream in the local halo, i.e. Gaia-Enceladus stream,
is prominently shown in the U V space (left), which seems to be dominant by
the metal-poor population in our catalog.
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3.17 Top panels: RPM diagrams of 205, 655 stars found in KH21 (left; yellow
points) and 345, 559 stars not found in KH21 (right; blue points). Gray points
are all stars in our catalog. Stellar density anomaly around the edge of the
distribution is caused by our selection cuts in different spatial areas. Stars
not found in KH21 still shows the double sequences in the RPM diagrams,
which indicates the mixture of the low-velocity halo stars in the thick disk
population. Bottom panels: CMDs of stars found in KH21 (left) and stars
not found in KH21 (right). Distribution of stars found in KH21 is clearly
distinguished from the upper main sequence, where most of redder, metalrich thick disk (compared to the halo population) stars dwell.
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Distribution of 38, 768 stars near the Galactic poles on the sky, and their
estimated projected motions in the U V plane. Stars are grouped in eight
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Distribution of 26, 081 stars near the Galactic poles on the sky, and their
estimated projected motions in the V W plane. Stars are grouped in eight
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Distribution of stars in the projected V W plane. Stars are color-coded according to their estimated photometric metallicities. Black dashed lines show
the selection boxes for the Helmi stream members that are suggested in Koppelman et al. (2019). We do see a significant concentration of stars in the box
of negative W velocities, but do not see any evidence of the stream at positive
W values. The red box shows our own suggested selection cut for members of
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assume the Galactocentric distance of the Sun as 8.178 kpc (Gravity Collaboration et al. 2019), the Sun’s velocity relative to the local standard of
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A CMD of previously known and new members of the Helmi stream. Gray
points are all stars in the small search patches with a radius of 20 degree, in the
direction of the Galactic center and anticenter. Yellow and black points are
the 12 core members and 59 tentative members identified by K19. Red points
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Chapter 1
INTRODUCTION

The stellar halo of the Galaxy is a spheroidal stellar distribution surrounding the Galactic
bulge and disk. The halo population is characterized as a group of old, metal-poor stars with
high-spatial velocities. Understanding the nature of halo stars provides valuable information
about how the Galaxy formed in the early Universe. This is because the atmosphere of halo
stars maintains a chemical record of the interstellar medium where these stars were formed.
The dynamics of the halo population also allows us to glimpse the early formation history
of the Galaxy as halo stars conserve kinematic information about their progenitor fragment,
perhaps a small proto-galaxy (Helmi et al. 1999; Helmi 2008; Frebel & Norris 2015; Helmi
2020, and see references therein).
A general approach to investigate the halo is to use bright sources, like red giants, blue
horizontal branch (BHB) stars, or RR-Lyrae variables, which allows us to inspect distant
structures (up to hundreds of kiloparsecs) in the Galactic halo. However, the vast majority
of the stars in our Galaxy are comparatively dim objects, mostly low-mass dwarf stars. The
low-mass dwarfs of the halo have not been explored much as a group because the observable
volume of these stars is limited to a radius of a few kiloparsecs from the Sun due to their
low brightness. However, low-mass, metal-poor dwarfs in the Galactic halo are particularly
interesting because they were formed in the early Universe, and as they have not yet evolved
to the red giant phase, their atmospheres preserve the exact metal compositions of their
birthplace.
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The Lambda Cold Dark Matter (ΛCDM) cosmological model predicts that the Galaxy
has experienced mergers (Helmi 2008; Frebel & Norris 2015). When dwarf galaxies merge
with the Galaxy, they experience tidal forces that strip their stars (Johnston, Hernquist,
& Bolte 1996; Helmi & White 1999). The results of these events are stellar streams and
overdensity regions in the halo. Helmi & White (1999) predicted that ∼ 500 streams in the
halo may be crossing the Solar neighborhood. These streams are spatially well-mixed as
the infall timescale is much longer than the orbital period around the Galaxy, however they
can be revealed as very cold (compact) structures in velocity space: these debris streams
will show up as groups of stars having similar velocities with small velocity dispersion of a
few km s−1 . A signature debris stream in the Solar neighborhood, the Helmi stream, was
discovered by Helmi et al. (1999), who identified the stream using data from the Hipparcos
astrometric mission (Perryman et al. 1997).
One way to identify streams in the halo is to calculate the 3D spatial velocities of halo stars
and investigate overdensities in velocity space. This is only possible if precise astrometric
information, including distances, locations, proper motions, and radial velocities, has been
collected. It also requires a sufficient number of halo stars to avoid the uncertainty from
small number statistics. Finding halo stars in the vicinity of the Sun is extremely difficult
because the stellar halo accounts for only ∼ 2.6% of the total stellar mass of the Galaxy
(Deason, Belokurov, & Sanders 2019; Mackereth & Bovy 2020). Traditionally, halo stars
are identified as those having high rotational velocities relative to the local standard of rest,
V ≥ 200 km s−1 (Bensby et al. 2014), which normally requires the radial velocity of a star to
be known. Tangential velocities are also necessary for the kinematic selection and calculating
them requires both distances and proper motions. Searching for metal-poor objects is another
way to survey and investigate the halo population, which often involves detailed spectroscopic
analysis. Therefore, using the combination of astrometric and spectroscopic data is typically
how one would search for stars and stellar streams in the halo (Freeman & Bland-Hawthorn
2002).
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Today is a timely moment for research on halo stars and streams in the Solar neighborhood thanks to the Gaia mission (Gaia Collaboration et al. 2016) and its second data
release (Gaia DR2, Gaia Collaboration et al. 2018b) that brought about a renaissance of
Galactic astronomy. Gaia DR2 provides a sky map for 1.7 billion sources, a catalog of parallaxes, and proper motions for 1.3 billion sources in the G magnitude range of G ≤ 21
(Gaia Collaboration et al. 2018b; Lindegren et al. 2018; Brown 2021), and radial velocities
for 7 million sources down to apparent magnitude G ∼ 12 (Katz et al. 2019; Sartoretti et
al. 2018; Brown 2021). Gaia DR2 has shown revolutionizing results in various topics, from
the solar system to distant quasars (Brown 2021). The results from Gaia have confirmed
the huge synergy achieved by combining Gaia data with spectroscopic data available from
large spectroscopic surveys, such as the Sloan Extension of Galactic Understanding and Exploration (SEGUE, Yanny et al. 2009), the Apache Point Observatory Galactic Evolution
Experiment (APOGEE, Majewski et al. 2017; Ahumada et al. 2020), the GALactic Archaeology with HERMES (GALAH, De Silva et al. 2015; Buder et al. 2020), and the Large Sky
Area Multi-Object Fiber Spectroscopic Telescope survey (LAMOST, Cui et al. 2012).
For example, kinematic analysis of carefully assembled Gaia 6D samples, which combine
astrometric and radial velocity measurements of select stars to obtain both their distribution
in space (3D) and their motion vectors (+3D), has provided a new, surprising view of the local
Galactic halo. Although the local halo appears to be spatially smooth/uniform, the local halo
is dominated by a prominent ellipsoidal structure in velocity space, called the Gaia-Enceladus
stream (Belokurov et al. 2018; Myeong et al. 2018a,b; Koppelman, Helmi, & Veljanoski 2018).
From the data combined with Gaia kinematics and APOGEE chemical abundances, Helmi
et al. (2018) suggested that this stream was formed by an ancient accretion event about
10 Gyr ago by a massive dwarf galaxy merging with the early Milky Way. In addition, the
distribution of stars with high-tangential-velocities (vt > 200 km s−1 ) in the color-magnitude
diagram (CMD) shows a double main sequence (Gaia Collaboration et al. 2018a), the “blue”
and “red” sequences. The reason we observe these features is that the local halo population
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appears to be a combination of blue, metal-poor accreted stars and a scattering of stars that
appear to be relatively red, more metal-rich objects from the Galactic thick disk (Haywood
et al. 2018). These “thick disk” stars may represent old disk stars that were dynamically
heated and dispersed during the merger event.
The Gaia catalog has been improved once more when the Gaia published the early third
data release in late 2020 (Gaia EDR3, Gaia Collaboration et al. 2020). Precisions of parallaxes and proper motions in Gaia EDR3 are noticeably improved, especially for stars at the
faint end (Lindegren et al. 2021). For example, the average uncertainties in parallaxes and
proper motions for stars with G = 21 is 1.3 mas and 1.4 mas, respectively. These values are
0.7 mas and 1.6 mas smaller than those reported in Gaia DR2. The improvement in Gaia
astrometry once more leads us to look at an ever clearer view of the Solar neighborhood as
the number of contaminants or spurious stars from bad astrometry measurements (mostly
in parallaxes) are significantly reduced in Gaia EDR3.
Unfortunately, Gaia Radial Velocity Spectrometer (Gaia RVS, Cropper et al. 2018; Katz
et al. 2019; Sartoretti et al. 2018) data is only available for stars with G < 16, which means
Gaia cannot provide radial velocities for the majority of late-K and M dwarfs. This caveat
limits the application of low-mass stars in kinematic studies. Regardless of this, since lowmass stars are the most common type in the Galaxy, it is statistically beneficial to conduct
a study of low-mass stars in the local halo. Identification of halo stars among low-mass stars
is also helpful to add potential targets for radial velocity surveys in future spectroscopic
surveys, such as SDSS-V (Kollmeier et al. 2017), 4MOST (de Jong et al. 2019), WEAVE
(Dalton et al. 2014), or LSST (Ivezić et al. 2019).
As we addressed above, a typical way to identify halo stars is to use stellar kinematics.
Finding low-mass halo stars, however, may require approaching the problem in a slightly
different way. This is because parallaxes for low-mass stars are often less precise than
those for bright stars. An alternative way to single out low-mass halo stars among the
disk population is to use a reduced proper motion diagram (RPM diagram, Luyten 1922;
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Jones 1972; Lépine & Shara 2005; Kim et al. 2020; Koppelman & Helmi 2021). The RPM
diagram is an analog of the classical color-magnitude diagram (CMD), but one that is built
using colors, apparent magnitudes, and proper motions, and does not use parallaxes. As the
halo population has large tangential velocities, its distribution in the RPM diagram is wellseparated from that of the disk population. Giants and white dwarfs are also separated from
dwarfs because of their distinct luminosities. Since a reduced proper motion is independent
of the distance to a star, using the RPM diagram is particularly efficient in selecting lowmass halo stars or white dwarfs if they have well measured proper motions but no accurate
parallax – as is typically the case for faint stars. Considering that the average tangential
velocity of the halo population is large, placing the focus on high-proper-motion stars will
also maximize the efficiency of identifying local halo stars.
The other way to select low-mass halo stars is to use a stellar abundance cut based on
spectroscopic measurements. As mentioned above, Gaia Collaboration et al. (2018a) reported that the “blue” and “red” sequences of high-tangential-velocity stars in the CMD
correspond to a bimodal metallicity distribution with peak metallicities of [Fe/H] = −1.3
and [Fe/H] = −0.5, those two values corresponding to the local halo and old/thick disk
populations, respectively. Considering this, it is safe to assume that low-mass stars in the
Solar neighborhood with metallicities [Fe/H] < −1.0 are most probably halo stars. However,
a pure metallicity/spectroscopic selection method is much more difficult to apply than kinematic selection because spectroscopic observation for low-mass stars has been limited due to
their low brightness. Most large spectroscopic surveys have brightness limitations to more
efficiently conduct observations for primary targets of interests. Low-mass stars are usually
excluded by those limits, which means that limited numbers of low-mass, K and M dwarfs
have been observed in the large surveys.
However, this does not mean that we cannot conduct chemo-dynamic analysis for lowmass halo stars. Once halo stars are identified from the RPM diagram, it is technically
possible to estimate metallicities in the CMD using colors and absolute magnitudes. As
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metal-poor stars have reduced opacities in their atmosphere, they look bluer and brighter in
the CMD compared to metal-rich stars with the same masses. Assuming all halo candidates
are single stars, it is possible to estimate photometric metallicities, provided one has access
to a reliable color-magnitude-metallicity relationship. A well-calibrated color-magnitudemetallicity grid would allow one to estimate the metallicity of star based on a measurement
of its color and absolute magnitude (which still requires a parallax). Obtaining a wellcalibrated color-magnitude-metallicity relationship for low-mass stars (K and M dwarfs) will
be one of the main objectives of this dissertation.
Hence, the purpose of this study is to identify local halo stars within 2 kpc from the
vicinity of the Sun and to study the substructures in the local Galactic halo by intertwining
kinematics of halo candidates with their estimated photometric metallicities. In the following
Chapters 2 and 3, we present catalogs of halo white dwarfs and halo main-sequence stars in
the Gaia data releases. Kinematic features of the local Galactic halo are discussed in Chapter
4, which includes the identification of new, low-mass members of the Helmi streams. As an
application example of our catalog, we report on halo eclipsing binaries identified by the
TESS light curve analysis in Chapter 5. Finally, we summarize our results and briefly
discuss future works in Chapter 6.
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Chapter 2
A CATALOG OF HALO WHITE DWARF CANDIDATES FROM GAIA
DATA RELEASE 2

This work has been published as ”A Catalog of 531 White Dwarf Candidates in the Local
Galactic Halo from Gaia Data Release 2” in The Astrophysical Journal, Volume 899, Issue
1, id.83 (Kim et al. 2020).

2.1

Introduction

The identification of local stars from the Galactic halo population is an important tool to
trace back the history of the Milky Way because halo stars are known to include the oldest
stars of all the dynamical populations in the Galaxy (Carollo et al. 2016; Kalirai 2012). Since
the early 2000s, several big data survey operations successfully provided general schemes for
the distribution and properties of Galactic halo stars (Jurić et al. 2008; Bond et al. 2010;
Lisanti et al. 2015). However, those studies usually focus on the most luminous objects in
the halo - like red giants and supergiants - because of the inevitable limitation of telescope
capacities, even as we know that low-mass stars and white dwarfs must be by far the dominant
objects in this very old population, and thus are the key to accurately mapping out and
understanding the Galactic halo.
Due to their low intrinsic brightness, low-mass stars and white dwarfs in the halo remain
generally out of range of current all-sky surveys, except in the solar vicinity (d < 100 −
200 pc). Within that relatively close range, halo stars are significantly outnumbered by
Galactic disk stars, and their identification thus remains challenging. Their low spatial
7

density also means that statistically significant samples of local halo objects must consist of
stars that are significantly fainter on average than comparably large samples of disk stars
from within the solar neighborhood (d < 25 − 50 pc).
In general, stars in the local halo population have higher spatial velocity relative to the
Sun, compared to that of the disk population, which makes it possible to identify them as
high proper motion stars. A case study for halo white dwarfs is the recent attempt to identify
them among faint blue stars with large proper motions. These searches were motivated by
the idea that white dwarfs may be a dark matter candidate because of their low absolute
magnitudes but relatively high masses, prompting attempts to measure the local density of
halo white dwarfs. After a search for high proper motion stars at high Galactic latitudes,
Oppenheimer et al. (2001) reported 38 halo white dwarfs, which were suggested to represent
the local population of halo white dwarfs.
However, these results have been subject to debate. Reid et al. (2001) argued that 75 %
of the white dwarf candidates in Oppenheimer et al. (2001) are not halo members but rather
are part of the thick disk populations with high rotational velocity. Bergeron et al. (2005)
also argued that most halo white dwarf candidates reported by Oppenheimer et al. (2001)
appear to be too warm and young to be part of the halo populations unless their progenitors
were low-mass main-sequence stars. In the wake of this debate, several attempts were made
to identify true local halo white dwarfs based on more extreme kinematics (Lépine & Shara
2005; Eisenstein et al. 2006; Kleinman et al. 2013; Dame et al. 2016; Munn et al. 2017).
Since Gaia Collaboration et al. (2016, 2018b) released their second data set in early 2018,
it has become possible to analyze detailed structures in the color-magnitude diagram (CMD).
These astonishing results from Gaia Collaboration et al. (2018a) reveal unprecedented views
of the color-luminosity distribution of nearby white dwarfs, and a catalog of ∼ 70,000 Gaia
white dwarfs with accurate and reliable parallaxes was presented by Jiménez-Esteban et al.
(2018). Gentile Fusillo et al. (2019) extracted a catalog of 260,000 high-likelihood white dwarf
candidates from Gaia DR2 based on a selection in the HR diagram for stars with reliable
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parallaxes and with a likelihood probability, calculated from the relative distributions of
a sample of spectroscopically confirmed white dwarfs from SDSS. In addition, Kilic et al.
(2019) have recently reported the identification of 142 halo white dwarfs from Gaia DR2.
They presented cooling ages for these white dwarfs based on a model atmosphere analysis
using photometric and parallax data and complemented with a spectroscopic analysis of
some objects. As a result, they argued that the age of the inner halo is consistent with
the measurements of the ages of Galactic globular clusters. Because of the relatively small
numbers found, one question is whether additional halo white dwarfs can be identified among
the faintest objects in the Gaia catalog. Brown et al. (2020) have also recently reported 98
double white dwarf binaries from the Extremely Low Mass (ELM) survey, and they identified
22 ELM white dwarfs in the Galactic halo on the basis of their U V W velocities.
The surest way to unambiguously place a star in the halo is to have its full spatial motion,
which requires an accurate measurement of the star’s parallax and proper motions, and also
its radial velocity. Gaia DR2 provides radial velocities for ∼ 7.2 million stars, but only for
relatively bright sources, which excludes most of the white dwarf candidates. Parallax and
proper motion alone only provide a projection of a star’s motion in the plane of the sky,
but this can be used in specific cases to evaluation population membership, depending on
the star’s location on the sky, which determines the plane of projection. Local halo white
dwarfs, however, tend to be too faint to even have reliable parallaxes in Gaia DR2.
Gaia Collaboration et al. (2018b) reported a magnitude limit of G ∼ 19 for accurate
parallax determination. Therefore, parallaxes of stars below that magnitude limit will have
unreliable projected velocity measurements at best. To make things worse, white dwarfs with
unreliable parallaxes cannot be unambiguously identified from their location in the CMD.
As it is highly risky to rely on only parallaxes for finding halo white dwarfs, proper motion
measurements must take a more prominent role. Samples of stars with reliable Gaia proper
motions can go more than 1 or 2 mag deeper than those with reliable parallax measurements.
While at the faint end stars do not have precise Gaia parallaxes, it is still possible to use
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Figure 2.1: Spatial distribution of the subset of 5.8 million high proper motion stars in Gaia
(µtot > 40 mas yr−1 ). The darker area shows the subsample selected for this study, which
consists of all stars falling along the great circle with a width of 20◦ passing across both
Galactic poles and the Galactic center and anticenter.
proper motion and magnitude information alone, under certain conditions, to identify halo
white dwarfs and analyze their kinematics.
The goal of this paper is to compile the most extensive list of local halo white dwarf
candidates from the local Galactic halo population, in an area covering 17.3% of the sky
that is most appropriate to the identification of halo white dwarfs from proper motion data.
In Section 2.2, we describe our algorithm for identifying halo white dwarf candidates from
Gaia DR2. The list of candidates and further discussion about the white dwarf candidates
in the Galactic local halo are described in Sections 2.3 and Section 2.3.5. We summarize our
arguments and suggest possible future work in Section 2.4.
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2.2
2.2.1

Data and Methods
Gaia DR2 Subset with High Proper Motions

We first extracted and assembled a Gaia subcatalog containing ∼ 5.8 million stars with
reported high proper motions (µ > 40 mas yr−1 ). As seen in Figure 2.1, those stars show
a relatively uniform spatial distribution on the sky, consistent with a local stellar subset.
Next, we elect to focus on stars located near a great circle with a width of 20◦ , crossing
over both Galactic poles and the Galactic center and anticenter. About 1.8 million stars are
collected from the sample selection area, shown as the darker area in Figure 2.1. Choosing
stars along this great circle is the first step in catching halo stars showing a large asymmetric
drift because one of the proper motion components of the stars within this area of the sky
runs parallel to the direction of the Sun’s rotational motion in the Galaxy (Vk ). We will
discuss this in §2.2.2 in more detail.
2.2.2

Coordinate Conversion

Gaia DR2 not only provides distance information but also gives us kinematic information
from the combination of parallax and proper motion, yielding transverse velocities. These
transverse velocities provide only partial (i.e., plane of the sky) kinematic information, however, and must be used with caution unless we use well-defined subsets in specific areas on
the sky: one example is the use of a great-circle subset. With an appropriate choice of great
circle, one can measure the component of motion of a set of stars in one particular (U, V, W )
direction in velocity space. This is because when you select stars along a great circle, one
of the proper motion components for every star - the component perpendicular to the great
circle itself - is pointing in a specific direction. If you can calculate the proper motion component perpendicular to the circle, that component will thus be parallel to the same projected
motion for all of the stars. For example, the transverse velocities in the Galactic longitude
direction, vT,l , of stars in the darker area of Figure 2.1 generally point in the direction per11

pendicular to the great circle, which is in the parallel direction to the apex/antapex of the
Sun’s orbital motion in the Galaxy (component Vk ). On the other hand, transverse motions
in the Galactic latitude direction, vT,b , which point in a direction parallel to the great circle,
can be interpreted as one of the components of motion running perpendicular to V , which
we will denote V⊥ but which represents a specific combination of the U and W components
of motion, different for every star on the great circle.
The above description is, however, an oversimplification because the component of proper
motion µl along the Galactic longitude is not in fact everywhere perpendicular to the great
circle, especially for stars at high Galactic latitude (b > 70◦ ). To determine the component
of proper motion that runs perpendicular to the great circle, we introduce a coordinate system (r, s) converted from the Galactic coordinate system. We simply convert all positions
and proper motions using the following procedure: (1) We convert the positions and proper
motions of all stars from 2D Galactic coordinates, (l, b), into Galactic Cartesian coordinates,
(x, y, z) (Equation 2.1). (2) We apply the rotation matrix to those position vectors (Equation 2.2), and then (3) we create the new coordinates (r, s) by restoring the position vectors
of stars into the 2D sky grid (Equation 2.3):

xi = cos l cos b
yi = sin l cos b
zi = sin b
(2.1)
µxi = −µl sin l − µb sin b cos l
µyi = µl cos l − µb sin l sin b
µzi = µb cos b

12

  
  

xf  1 0 0  xi   xi 
  
  

 y  = 0 0 −1  y  = − z 
 f 
  i   i
  
  

zf
0 1 0
zi
yi
(2.2)
  

  
µxf  1 0 0  µxi   µxi 

  
  
µ  = 0 0 −1 µ  = − µ 
zi 
  yi  
 yf  
  

  
µzf
0 1 0
µzi
µyi

r=




yf > 0.0, r =

arccos xf
cos(arcsin zf )



yf ≤ 0.0, r = 360◦ −
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s = arcsin xf

(2.3)

µr = −µxf sin r + µyf cos r
µs = −µxf sin s cos r − µyf sin r sin s + µzf cos s
(4) Finally, we can calculate the transverse motions from the general equation vT = 4.74×
µ × d where µ is the proper motion in arcsec yr−1 and d is the distance (or distance estimate)
in parsecs. The systematic error in the transverse velocity is ∓3.27 km s−1 , assuming Gaia
systematic proper motion errors of ±0.02 mas yr−1 and a parallax zero point of −0.029 mas
(Arenou et al. 2018; Lindegren et al. 2018). Note that stellar motions in the s direction,
for stars in the great-circle subset, approximately run parallel to the Galactic rotational
velocities, Vk , while those in the r direction approximately correspond to a combination of U
and W velocities, which we call V⊥ . Therefore, we calculate for each star Vk = 4.74 × µs × d,
and V⊥ = 4.74 × µr × d.
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2.2.3

Subsets for the White Dwarf Search

The above discussion assumes that accurate proper motions and parallaxes are available,
which is not always the case. Here we define two general subsets of different data quality
that we call the clean subset (Set A) and the unclean subset; we further subdivide the unclean
subset into three different subsets (Sets B, C, and D). In this study, we neglect reddening
corrections, which in normal cases can heavily affect colors and photometric distances, notably in the blue color regime typically used for white dwarfs. We believe reddening has
relatively minor consequences for our particular subset because (1) the mean distance of
our white dwarf candidates from Gaia parallaxes is 240 pc, (2) most stars we selected are
located above the Galactic plane, and (3) stars near the Galactic center (|b| ≤ 20◦ ) that can
be severely affected by the reddening are mostly rejected from the selection (see §2.2.3.2).
Andrae et al. (2018) reported that the true reddening at high galactic latitude (|b| > 50◦ ) is
almost near zero. Although the recent studies on 3D interstellar dust maps (Chen et al. 2019;
Lallement et al. 2019) reported the presence of some complex dust structures within 500 pc,
those structures are mostly concentrated around near the Galactic center or anticenter within
the low galactic latitudes.

2.2.3.1

Set A: Clean Subset

To assemble the clean subset (also called Set A), we partially applied Selection A, B, and
C criteria introduced by the Gaia Collaboration. Lindegren et al. (2018) guided Gaia users
interested in assembling subsets of stars with reliable parallaxes through a general procedure
for cleaning up stars with bad astrometric and photometric measurements. They recommended checking uncertainties in the parallax measurements, uncertainties in fluxes of the
Gaia BP and RP filters, the renormalized unit weight errors (RUWE),1 and GBP − GRP color
1

The renormalized unit weight error (RUWE)= u/u0 (G, C) (Gaia Technical Note: GAIA-C3-TN-LU-LL124-01, https://www.cosmos.esa.int/web/gaia/dr2-known-issues)
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excess factors (E). The selection criteria we applied in this study to assemble Set A are the
following:
1. π > 0.0
2. −3.0 ≤ GBP − GRP ≤ 6.0
3. 10 ≤ G ≤ 21
4. σ(FBP )/FBP ≤ 0.10
5. σ(FRP )/FRP ≤ 0.10
6. RUWE < 1.40
7. 1.0 + 0.015(GBP − GRP )2 < E < 1.3 + 0.06(GBP − GRP )2
We do not apply any cut based on parallax measurement errors, which means that some
stars in our catalog could have large parallax uncertainties. This, however, has the advantage
of not introducing a distance bias in our sample and also allows us to keep stars that may not
have reliable parallaxes but that have precise proper motions. This approach is supported
by Gaia Collaboration et al. (2018a), who reported that most Gaia stars with G ≤ 18 have
more reliable proper motion measurements compared to their parallax measurements. After
using the above selection cuts, 1,255,151 high proper motion stars are included in Set A.

2.2.3.2

Set B: Unclean Subset with Gaia Parallaxes and GBP − GRP Colors

A limitation of using only Set A is that we lose ∼ 40% of all the high-proper motion stars
in our initial sample. Although these rejected stars may have bad flux measurements, their
proper motions are, in general, sufficiently reliable to be used for kinematic selection and
analysis. Therefore, we build another subset from the stars that were filtered out in the Set
A selection (above), but with the requirement that the star must have at least a positive
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Gaia parallax value and a reasonable GBP − GRP color value for a nearby star (i.e., colors
in the range −3.0 ≤ GBP − GRP ≤ 6.0).
The difference between Sets A and B is that stars in Set B potentially have large parallax
and magnitude uncertainties, which may affect their distribution in the reduced proper
motion (RPM) diagrams and CMDs (see right panels in Figure 2.2). Due to lower data
quality, white dwarf candidates identified in Set B may include more false positives than
those from Set A. In particular, there is a higher chance of false positives near the Galactic
center, the most crowded region on the sky, where Gaia has notoriously been experiencing
problems in accurately measuring astrometric and photometric parameters for field stars
(Arenou et al. 2018; Lindegren et al. 2018). Thus, we are excluding stars near the Galactic
center in Set B (|b| ≤ 20◦ ) in order to minimize contamination from photometrically bad
sources, and this condition is applied for Sets C and D as well. After applying these cuts,
our Set B contains 522,760 stars in total.

2.2.3.3

Set C: Unclean Subset with No Gaia Parallaxes

Some Gaia stars cannot even be included in Set B because some of them have negative
Gaia parallaxes, or others do not even have any parallax measurements reported in Gaia
. These stars must, however, have reported Gaia proper motions (from our initial µ ≥ 40
mas yr−1 ) and GBP − GRP color values, which are sufficient to place them in the RPM
diagram (see Section §2.2.5) and identify white dwarfs. We call this group of stars without
Gaia parallaxes “Set C.” Stars near the Galactic center are excluded from the subset for the
same reason mentioned in Section 2.2.3.2 above. This subset includes 42,764 stars, all having
relatively “primitive” data in Gaia DR2, compared to stars from Sets A and B. These stars
will hopefully get more complete and accurate measurements in later Gaia data releases.
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2.2.3.4

Set D: Unclean Subset with No Gaia Colors

Our final subgroup, or Set D, contains 28,476 stars, which have proper motions but no
GBP − GRP color measurements reported in DR2. As for Sets B and C, this set again
excludes stars near the Galactic center. Many stars in Set D can have a negative parallax
value or have Gaia G magnitude. Since they do not have Gaia color measurements, we
cannot use Gaia photometric data to select white dwarf candidates. However, we still have
the opportunity to identify white dwarfs in Set D by obtaining reliable color data from other
photometric catalogs, like Pan-STARRS . We are going to revisit this subset at the end of
this paper (See Section 2.3.5), first focusing on the identification of white dwarfs in Sets A,
B, and C.

2.2.4

Identification of White Dwarfs with Gaia Parallaxes (Sets A and B)

We first use a RPM diagram, which is especially useful for the identification and classification
of various local stellar populations like young disk, old disk, and halo; see, for example, Lépine
& Shara (2005). The reduced proper motion (labeled H) is interpreted as the combination
of photometric and kinematic information, but is simply calculated from a star’s apparent
magnitude and proper motion, for example,

HG = G + 5 log µtot + 5

(2.4)

The reduced proper motion can be expressed in terms of the absolute magnitude (M )
and transverse motion (vT ) of a star,

HG = MG + 5 log vT + 1.621

(2.5)

if vT is expressed in km s−1 . Therefore, stars with higher reduced proper motions must
have higher transverse velocities if they have the same absolute magnitudes. Because of
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this characteristic, halo populations that usually have higher spatial velocities are clearly
separated out from disk populations in the RPM diagram.
The RPM diagram was shown to be an especially useful tool in searching for nearby
white dwarfs by Limoges, Lépine, & Bergeron (2013). This is because white dwarfs have
fainter absolute magnitudes compared to any other stellar populations in the Galactic disk
or even halo. Therefore, the locus of white dwarfs is at the bottom left in the RPM diagram
and is clearly distinct from the loci of the two main-sequence disk and halo populations, as
for example in the upper panels in Figure 2.2, which shows the RPM diagrams of Sets A
and B, respectively. In the diagram for Set A, we define an empirical color-RPM cut, shown
as a red dashed line that efficiently separates the halo main-sequence stars and white dwarfs
and follows the linear equation

[HG ]lim = 4.94(GBP − GRP ) + 12.91.

(2.6)

This cut is simply defined by the density distributions of halo main-sequence stars and
white dwarfs in the CMD. We drew GBP − GRP histograms in each of 10 reduced proper
motion bins, obtained inflection points (minima) of the overall number distribution, selected
the median GBP − GRP value where the number of stars is nearly zero, and then performed
a 1D polynomial fit of the inflection points as a function of the reduced proper motion of the
bin to get the linear line. Stars below the cut (blue points) are hence identified as probable
white dwarfs.
To demonstrate the efficiency of the RPM diagram in identifying white dwarfs in Set A,
we plot the distribution of the RPM-selected white dwarfs in the CMD (bottom left panel
in Figure 2.2). The diagram shows that the overwhelming majority of RPM-selected objects
are in the expected locus of white dwarfs, in the bottom left side of the plot. We only find a
small number of RPM-selected objects that appear to be either hot subdwarfs or metal-poor,
low-mass stars; all these objects may owe their low RPM values to unusually large transverse
motions.
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Figure 2.2: RPM diagrams (top) and CMDs (bottom) for high proper motion stars from the
clean subset (Set A; left) and for high proper motion stars from the unclean subset that have
Gaia parallaxes (Set B; right). We defined an empirical color-RPM cut for the white dwarfs
in the RPM diagram of Set A to select white dwarf candidates (blue points). Red-dashed
lines in both RPM diagrams show our primary empirical cut between main-sequence stars
and white dwarfs. We use a secondary cut to filter white dwarf candidates based on their
distribution in the CMD (bottom panels), based on the locus of white dwarfs in the CMD
of Set A. The finalized white dwarf candidates are shown as yellow points in each CMD.
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From the CMD distribution, we define an additional empirical cut between the main
sequence and white dwarfs, which is drawn as a red dashed line, using the same method to
get the empirical cut in the RPM diagram, which follows the linear equation

[MG ]lim = 4.727(GBP − GRP ) + 6.953.

(2.7)

This additional restriction eliminates a small fraction of candidates in Set A; these stars
are most likely to be either hot subdwarfs (sdO/sdB) or metal-poor, low-mass stars.
Set B, on the other hand, contains stars with less accurate photometric and astrometric
data than Set A. The empirical lines defined with the stars from Set A eliminate a much
larger number of stars in Set B. On close examination, the RPM diagram of Set B (top right
panel in Figure 2.2) shows a large number of stars that are distributed horizontally along
HG ∼ 18 − 19, with a significant vertical scatter. That is because Set B is dominated by
faint high proper motion stars whose parallaxes tend to be less reliable, and these tend to be
found at the bottom of the RPM diagram. There is no clear boundary between halo stars
and white dwarfs in the RPM diagram for Set B, which suggests significant contamination
from main-sequence, low-mass stars, very close to the red dashed line. This low-mass star
contamination is in fact easy to identify in the CMD for Set B (bottom right panel in
Figure 2.2). We see a locus on the bottom left that appears to be the spreading white
dwarf sequence, but we also see another distinct clump above the white dwarf sequence and
closer to the red dashed line. Stars in this clump are most likely low-mass stars with high
transverse velocities but bad parallax measurements. Our additional cut in the CMD thus
has the advantage of eliminating a large number of these contaminants, leaving a larger
fraction of true white dwarfs in the subset. However, this also indicates that Set B may still
suffer from some level of contamination, which will have to be taken into account.
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Figure 2.3: RPM diagram for Set C. We used the same empirical color-RPM cut defined
from Figure 2.2 to select white dwarf candidates (blue points).
Our initial samples of white dwarf candidates from Sets A and B are shown as yellow
points in the CMD, and the number of stars are 17,692 and 16,908, respectively. These
constitute our starting samples for identifying local halo white dwarfs (see Section 2.3).

2.2.5

Identification of White Dwarfs with No Gaia Parallaxes (Set C)

Figure 2.3 shows the RPM diagram for the stars in Set C, the subset of stars with no Gaia
parallaxes but with reliable proper motions. Blue points are primary white dwarf candidates
selected by using the empirical cuts in the RPM diagram that were defined for Set A. The
number of white dwarf candidates (blue points) is 4368, but our experience with Set B (see
above) suggests that a significant fraction of these may be main-sequence star contaminants.
Indeed, a substantial fraction of the candidates are close to the selection line and are most
likely to be main-sequence stars. These stars have very large reduced proper motions in any
case and are most probably members of the halo population. The surest way to confirm
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Figure 2.4: Comparison of Pan-STARRS rPS − iPS color with GBP − GRP for white dwarf
candidates from Sets A and B. The red line represents the best polynomial fit to the data in
Set A. This relationship is only applicable in the rPS − iPS color range −0.5 ≤ rPS − iPS ≤ 0.5.
Set B clearly shows more scatter (σ = 0.30524) in the relationship, consistent with larger
measurement errors in GBP − GRP .
whether or not they are actual white dwarfs is to verify that these objects have colors
consistent with white dwarfs (and not main-sequence stars) in other photometric surveys.
In Section §2.3.4 below, we will describe how this can be done for stars in Set C, using
their proper motion values and additional photometric information from Pan-STARRS Data
Release 1.

2.2.6

Collecting Additional Photometric Data from Pan-STARRS DR1

To better characterize and vet our white dwarf candidates, we collected photometric information in Pan-STARRS DR1 in order to get their gPS − rPS and rPS − iPS colors. The
purpose of collecting Pan-STARRS data was to verify the consistency of our white dwarf
candidates in the (gPS − rPS , rPS − iPS ) color-color diagram, which does not rely on Gaia
parallaxes or kinematics. From this test, we expect to independently confirm the reliability
of our comprehensive search for white dwarf candidates in Gaia DR2.
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The Gaia DR2 Archive tentatively provides various cross-match results with external
catalogs,(Marrese et al. 2019)2 including a cross-match with Pan-STARRS DR1. There
are three sets one can potentially use: best-neighbor, good-neighborhood, and original valid
catalogs. Although it is easier to get best-match results from the best-neighbor catalog, there
is a possibility that this catalog accidentally missed many of our local halo stars. This is
mostly because those stars are hard to track due to their high proper motions. Therefore,
we need to develop a new cross-match algorithm to recover the missing counterparts for the
high proper motion objects.
We therefore conducted our own cross-match of Pan-STARRS DR1 to our full set of high
proper motion stars from Gaia DR2 using a Bayesian method (Medan, Lépine, & Hartman
2021). In this analysis, the motion-corrected position and brightness of a Gaia source are
compared to the positions and brightnesses of the Pan-STARRS sources within 30”, such
that 2D distributions of magnitude difference (between Gaia and Pan-STARRS DR1) versus
angular separation are formed for various cuts of Galactic latitude and Gaia G magnitude.
To determine Bayesian probabilities for true matches with our catalog, representative local
distributions of field stars are created by displacing the Gaia sample by ±20 (depending on
if the source is in the northern or southern hemisphere) to create 2D distributions representative of random field stars where, due to the small shift in decl., the stellar density of field
stars is statistically comparable to that of the true catalog that is being searched (Lépine, &
Bongiorno 2007). Using the distributions from our cross-match and those for random field
stars, Bayesian probabilities for Pan-STARRS DR1 sources that are a match to our high
proper motion Gaia catalog objects were calculated. The sample we kept for this study consists of possible counterparts with a Bayesian probability > 95%; we find that the number
of matches is significantly larger than the number of matches provided by the internal Gaia
cross-matches. As a final precaution, we filtered the sample by gri filter saturation limits
(see Table 2.1), and we also got rid of stars with unreliable error values in gri magnitudes
2

https://gea.esac.esa.int/archive/
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Table 2.1: Assumed Saturation and Detection Limits of Pan-STARRS Filters

Filter
g
r
i

Bright End
(mag)
14.5
15.0
15.0

Faint End
(mag)
22.5
22.0
21.0

(σgri < 9999). Consequently, we recovered counterparts to 674,619 stars in Set A, 311,891
stars in Set B, 28,009 stars in Set C, and 8172 stars in Set D, all of which now have reliable
Pan-STARRS colors.
To verify the reliability of Gaia colors, we examine the correlation between GBP − GRP
color and Pan-STARRS rPS − iPS ; the results are shown in Figure 2.4. The top and bottom
panels show white dwarf candidates from Sets A and B, respectively. Overall, Pan-STARRS
colors have tight correlations with Gaia GBP − GRP , and a relationship can be derived from
a polynomial fit in the white dwarf color range. Stars in Set B have larger flux errors in the
Gaia BP and RP filters, and thus show more dispersion (σ = 0.30524) in the relationship
than that in Set A (σ = 0.21898). We defined the best-fitting relationship between rPS −
iPS color and GBP − GRP color in the white dwarf color range using stars in Set A (red
line). These relationships are only applicable for stars in a certain rPS − iPS color range:
−0.5 ≤ rPS − iPS ≤ 0.5.

2.3
2.3.1

Results and Discussion
Selection of Halo White Dwarf Candidates from Sets A and B

The spatial velocity of a star in the solar neighborhood can be used to distinguish halo
stars from the disk population. Bensby et al. (2014) suggested that the halo population
√
is dominated by stars with total spatial velocities Vtot ≡ U 2 + V 2 + W 2 > 200 km s−1 ,
which normally requires one to know the full 3D space motion of a star from combined
proper motion, parallax, and radial velocity measurements. A more flexible standard (Gaia
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Collaboration et al. 2018a) is to use transverse velocity alone and assume that a star with
vT > 200 km s−1 is a likely member of the local halo population; this criterion does not
require one to know the star’s radial velocity.
Although we do have radial velocity measurements for some of our stars, we adopt a
transverse-velocity-only criterion to identify halo members in our entire sample. However,
our particular sky selection allows us to make a somewhat more reliable selection of halo
stars. As explained in §2.2.2, transverse velocities in the (r, s) coordinate system can be
interpreted as representing Vk on the one hand (for the component of motion along the
alternative sky coordinate s), and a combination of U and W on the other hand (for the
component of motion along the alternate sky coordinate r):
V⊥ ≈ U sin(r) + W cos(r)
(2.8)
Vk ≈ V
This is useful because it is the V component that is the best diagnostic to tell if a star
is a member of the disk or halo, as it directly relates to the asymmetric drift, which is the
principal characteristic of the halo population.
The top panels in Figure 2.5 show the kinematic distributions of white dwarf candidates,
selected from Sets A and B in the projected (V⊥ , Vk ) plane. Gray points in the inner circle
are white dwarf candidates with slow transverse velocities, vT ≤ 200 km s−1 , which are most
likely members of the disk population. Filled circles are the halo white dwarf candidates
with high transverse motions, vT > 200 km s−1 . We identify 249 stars in Set A and 865
stars in Set B that meet this criterion. There are 137 stars in Set A and 447 stars in Set B
that have velocities Vk > −220 km s−1 , which can be interpreted as having counterrotating
orbits in the Galaxy relative to the local disk population.
This possible contamination raises questions about confidence levels from this selection.
To answer this, we ran simulations where we propagated random errors on the observed
parameters of each of our candidate halo white dwarfs. We created possible observed values
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Figure 2.5: Top panels: kinematic distributions of the halo white dwarf candidates in Sets
A and B in the projected (V⊥ , Vk ) transverse velocity plane (see text). The inner circle
is centered on the approximate location of the local standard of rest, defined by the local
disk population. Small gray points in the inner circle show the distribution of all white
dwarf candidates selected in the CMD, most of which appear to belong to the Galactic disk
population. Large filled circles are white dwarf candidates with vT > 200 km s−1 ; red symbols
are candidates with estimated likelihood > 50%, while gray symbols are low-probability
candidates. Black open squares are white dwarfs that have been confirmed spectroscopically
in previous studies (see Tables 2.2 and 2.3), and black filled squares are objects known to
be hot subdwarfs or WD+M binaries. Bottom panels: CMDs of the white dwarf candidates
in both sets, showing the high-probability halo white dwarf candidates (red) falling near the
expected white dwarf locus.
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of the reduced proper motion, absolute G magnitude, and total transverse velocity of each
individual halo white dwarf candidate using a random number generator from the normal
distribution, assuming each value observed from Gaia to be the mean value and each reported
error to be the variance. We then evaluated for each simulated set whether or not the star
would pass all of the selection cuts (RPM-color, MG -color, and vT cuts) we defined above. If
the star passed all three cuts, then we assign “1”, otherwise we assigned “0”. We ran 10,000
simulations for each star and from this calculated the likelihood of the star would pass the
halo selection, and we reject stars with likelihood ≤ 50% from the candidate list (gray filled
circles in Figure 2.5). As a result, 218 stars in Set A and 301 stars in Set B remained as halo
white dwarf candidates, and these are shown as red filled circles in Figure 2.5. All likelihood
values expressed in percentages are listed in Table 2.2, 2.3, 2.5, and 2.6; we recommend
checking these likelihood values before pursuing any further studies on the candidates.
A search of the astronomical literature determines that 74 white dwarf candidates from
Set A and 39 white dwarf candidates from Set B were previously reported in various studies,
including the halo white dwarf search by Oppenheimer et al. (2001), identifications of white
dwarfs in SDSS DR7 (Eisenstein et al. 2006; Kleinman et al. 2013) and in SDSS DR10 (Kepler
et al. 2015), and halo white dwarf searches by Kilic et al. (2019). Previously known white
dwarfs are plotted in Figure 2.5 as black open squares. Interestingly, nine objects in Sets
A and B, shown as black filled squares, were previously reported to be either brown dwarfs
(Zhang 2019), hot subdwarfs (Feige 1958; Green et al. 1986), low-mass stars or binaries (West
et al. 2011), or WD+M binaries (Eisenstein et al. 2006; Li et al. 2014; Rebassa-Mansergas
et al. 2016). Those are also included in the catalog and flagged appropriately.
The bottom panels in Figure 2.5 show the distribution of the candidates from each set
in the CMD, where both disk and halo stars are labeled as in the upper panels. The general
distribution of white dwarf candidates from Set A (gray points) is consistent with the three
white dwarf cooling sequences (A, B, and Q concentrations) introduced in Gaia Collaboration
et al. (2018a). The overall distribution from Set B is, however, more scattered and shows
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Figure 2.6: Left: Likelihood distribution of stars with high transverse velocities in Set A.
The red histogram shows the likelihood distribution of halo white dwarf candidates, and the
blue histogram represents the distribution of the candidates with more precise Gaia parallax
measurements. Right: A CMD for the white dwarf candidates in Set A having accurate
parallax measurements. The gray and red lines show the theoretical 0.3M and 0.6M
hydrogen white dwarf cooling sequences.
the dense clump above the white dwarf cooling sequence, as mentioned in §2.2.4. We believe
most stars in this clump are contaminating low-mass stars with bad parallax measurements.
This idea is supported by the fact that all low-likelihood candidates (gray filled circles) are
distributed in the upper clump.
The left panel in Figure 2.6 shows the likelihood distribution of white dwarf candidates
with high transverse velocities in Set A. The red histogram is the total distribution, while the
blue histogram shows the distribution of candidates with more precise parallax measurements
(σπ /π < 0.20). This shows that the largest uncertainty of selecting halo candidates is coming
from Gaia parallax measurements.
If we exclude stars with large errors and plot only stars with the most reliable astrometric
measurements in the CMD (right panel in Figure 2.6), most of the contaminating populations
are gone, and most candidates are distributed along the normal white dwarf sequences. Lines
in the CMD show the cooling sequences of 0.3M (gray line) and 0.6M (red line) white
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dwarfs for pure hydrogen atmospheres (Holberg & Bergeron 2006; Kowalski & Saumon 2006;
Bergeron et al. 2011; Tremblay et al. 2011).3 Most candidates in Set A follow the 0.6M
cooling sequence, but about 10% of candidates are in better agreement with the low-mass
white dwarf cooling sequence, raising the possibility that these may be old, low-mass white
dwarfs, which are expected to appear more luminous due to their large radii. However, these
stars would be more likely to be in interacting binary systems because it is not possible yet to
form such low-mass white dwarfs through single-star evolution. Current stellar evolutionary
theory predicts that a low-mass white dwarfs with a mass less than ∼ 0.45 M cannot be
formed by the single-star evolution channel, but are most likely the result of a mass transfer
event from the companion (Bergeron et al. 1992; Kilic et al. 2007; Pelisoli & Vos 2019).
In all likelihood, the few overluminous white dwarfs that still remain in the diagram are
binary systems. Assuming a binary system composed of two white dwarfs of similar masses,
it would only be overluminous by 0.7 mag, which is not enough to explain many of our
candidates in the diagram. However, the apparent overluminosity can be explained if the
object is a WD + low-mass star (K or M dwarf) binary system, which should be moderately
brighter but also significantly redder due to its low-mass companion star.

2.3.2

Selection of Local Halo WD Candidates in Set B from Photometric
Distances

One concern from the likelihood analysis in §2.3.1 is that the candidates in Set B may still
include some contaminants that are due to their large astrometric errors. Although one
might consider that having a parallax measurement is always an improvement over only
having a photometric distance estimate, this is merely true only if parallaxes are measured
in sufficiently high precision. In Set B, more than 94% of stars with high transverse velocities
have such high fractional parallax errors (σπ /π > 0.20).
3

https://www.astro.umontreal.ca/~bergeron/CoolingModels/
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Figure 2.7: Left: kinematic distribution of local halo white dwarf candidates in Set B with
alternate values of calculated transverse velocities in the r and s directions based on their
photometric distance. Red crosses are initial halo candidates now found to be low-transversevelocity stars with this test. Purple filled circles (141 stars) are stars that are again found
to have transverse velocities higher than 200 km s−1 . Black open circles are halo candidates
with precise parallaxes (σπ /π ≤ 0.20). Right: CMD of the revised subset of halo white
dwarf candidates selected from the diagram above. Black solid line shows the white dwarf
cooling sequence we applied to calculate photometric distances to the candidates. The revised
subset, though much smaller, shows a distribution in the CMD that is more consistent with
the expected white dwarf locus, compared with the distribution in the bottom panel of
Figure 2.5.
As an alternative to clearing Set B of contaminants, we generate the kinematic plot
using photometric distances. Assuming our candidates are 0.6M white dwarfs with pure
hydrogen atmospheres, we infer their absolute magnitudes from their GBP − GRP color,
based on the the cooling sequence of Bergeron et al. (2011). Due to the dramatic changes
at the blue and red ends of the cooling sequence, we only use candidates within the color
range −0.45 ≤ GBP − GRP ≤ 1.60; this includes the vast majority (∼ 95%) of candidates,
with only 14 very blue/red stars excluded from the process.
The left panel in Figure 2.7 shows the result in the kinematic plane for the motions
based on photometric distances. The plot is similar to that in Figure 2.5, but only shows
the stars in Set B that were selected as likely (> 50%) halo white dwarf candidates from
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their parallax-calculated space motions. If we now use the photometric-calculated space
motions, we find that 51.0% of the stars (146 objects) now have kinematics more consistent
with the disk. The rest of the stars (141 objects), on the other hand, still have kinematics
consistent with the halo. The right panel in Figure 2.7 shows the CMD of the 141 reconfirmed
halo candidates, shown as purple filled circles. Gray points are the full set of white dwarf
candidates selected from the CMD in Figure 2.2, including the stars now rejected as being
nonhalo white dwarf candidates based on their photometric distance estimates. Black open
circles are halo candidates with precise parallaxes (σπ /π ≤ 0.20). Most of our remaining halo
white dwarf candidates appear to follow the theoretical 0.6M white dwarf cooling sequence,
shown as a black solid line.

2.3.3

Confirmation of Candidates from Sets A and B using Pan-STARRS
DR1 colors

The upper panels in Figure 2.8 show RPM diagrams of stars in Sets A and B, this time using
the rPS − iPS color from Pan-STARRS with the reduced proper motion Hr . Gray points
represent all stars in Sets A and B with Pan-STARRS counterparts. These RPM diagrams
show a clear segregation between main-sequence stars and white dwarfs, which allows us to
define a clean empirical border, shown as a black dashed line, which is the analog of the
separation line we defined in Figure 2.5:

[HrPS ]lim = 12.45(rPS − iPS ) + 15.31

(2.9)

(−0.5 ≤ rPS − iPS ≤ 0.5)
To define this limit, we converted the relationship between the reduced proper motion
as a function of Gaia G magnitude and GBP − GRP , using the color conversion between
GBP − GRP color and rPS − iPS color defined in §2.2.6. In the diagrams, we identify a star in
Set A and 18 stars in Set B, shown as black filled circles, identified as white dwarf candidates
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Figure 2.8: Top panels: reduced proper motion diagrams of stars in Sets A and B as a
function of rPS − iPS color. Each symbol in this diagram has the same definition as Figure 2.5
(see legend). The black dashed line is the converted empirical cut based on the same cut
we defined in §2.2.4 in Gaia color. Black filled circles in the diagram for Set B indicate
stars having redder colors with respect to the black dashed line, which means they are
probably not white dwarfs. The red dashed line indicates the boundary between normal
white dwarfs and local halo white dwarfs, defined by shifting a linear fit of the white dwarf
sequence in the RPM diagram (see text). Error bars show errors in reduced proper motion
and rPS − iPS color. Bottom panels: gPS − rPS color distribution of stars as a function of
rPS − iPS color. Black lines show the cooling sequences of white dwarfs for pure hydrogen
atmospheres: 0.3M (dashed line), 0.6M (solid line), 1.0M (dashed-dotted line). Error
bars indicate errors in gPS − rPS and rPS − iPS color.
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in our initial selection, but now revealed in Pan-STARRS to have redder colors, consistent
with the main-sequence population.
Stars to the blue of the black dashed line are, however, confirmed to be white dwarf
candidates and are plotted in red filled circles in Figure 2.8; these consist of 98 stars from
Set A and 130 stars from Set B. These stars line up along a distinctive locus consistent with
a downshifted (i.e., high velocity) white dwarf cooling sequence. As in Figure 2.5, we plot
white dwarfs and binaries confirmed in previous studies as black open or filled squares. A red
dashed line is defined by the parallel shift of a linear fit of the standard white dwarf sequence
in the CMD, and the magnitude of the shift is set by the distribution of our candidates in
Set A so that more stars with likelihood > 70% fall below the line:

[HrPS ]lim = 5.56(rPS − iPS ) + 19.98

(2.10)

This line will guide our selection of halo white dwarf candidates in Sets C and D in
Sections 2.3.4 and 2.3.5.
The lower panels in Figure 2.8 examine the distribution of the candidates in the (gPS −
rPS , rPS − iPS ) color-color plane with white dwarf cooling sequences (dashed line, 0.3M ;
solid line, 0.6M ) drawn to further validate the classification of our candidates. As white
dwarfs are known to be a hot and blue population, they usually are present at the top left
side of the stellar locus in this color-color diagram (Eisenstein et al. 2006; Girven et al. 2011).
As expected, the candidates from Set A show a concentrated distribution at the top left, and
are well aligned with the expected white dwarf sequence. Stars from Set B as expected show
a more dispersed distribution, but the white dwarf candidates still follow the expected white
dwarf locus; they also extend somewhat further into the red, which suggests that objects
from Set B include cooler white dwarfs on average.
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Table 2.2: High-velocity White Dwarf Candidates in Set A
R.A.
Decl.
π
σπ
...
vT, tot
Halo WD
source id
(deg)
(deg)
(mas) (mas) ... (km s−1 ) Likelihood (%) Spec Type
References∗
2313554227856823296
0.535536
-32.6280206 0.82
0.46 ...
264.3
52.14
2313582750735435776 0.6362011 -32.1969737 5.131 0.124 ...
258.7
100.0
DA2
6, 8, 29
2314458438731730304 0.8042194 -31.5123699 0.864 0.898 ...
227.89
50.04
DA
11
2319735617804258176 1.7831581
-31.227056 7.721 0.11 ...
229.74
100.0
DB3
4, 6, 13, 29
4995158325163347712 3.4196121 -42.3757786 1.829 0.299 ...
222.22
72.76
...
...
...
...
...
...
...
...
...
...
2314173669516064640 358.6482487 -32.355649 9.131 0.137 ...
229.32
100.0
WD
6, 9, 29
∗
Ref. – (1) Feige (1958), (2) Eggen, & Greenstein (1965), (3) Greenstein (1976), (4) Eggen & Bessell (1978), (5) Green et
al. (1986), (6) McCook, & Sion (1999), (7) Croom et al. (2001), (8) Koester et al. (2001), (9) Oppenheimer et al. (2001),
(10) Lépine et al. (2003), (11) Croom et al. (2004), (12) Kleinman et al. (2004), (13) Salim et al. (2004), (14) Carollo et al.
(2006), (15) Eisenstein et al. (2006), (16) Harris et al. (2006), (17) Kilic et al. (2006), (18) Pauli et al. (2006), (19) Kawka &
Vennes (2009), (20) Kilic et al. (2010), (21) Girven et al. (2011), (22) Brown et al. (2012), (23) Kleinman et al. (2013), (24)
Li et al. (2014), (25) Kepler et al. (2015), (26) Limoges et al. (2015), (27) Kepler et al. (2016), (28) Leggett et al. (2018),
(29) Kilic et al. (2019), (30)Kawka et al. (2020)
Note – A full version of this table is available in the machine-readable form (https://iopscience.iop.org/article/10.3847/1538-4357/aba523#apjaba523t2).

Table 2.3: High-velocity White Dwarf Candidates in Set B
R.A.
Decl.
π
σπ
...
vT, phot
Halo WD
(deg)
(deg)
(mas) (mas) ... (km s−1 ) Likelihood (%) Spec Type
References∗
source id
2336547386815432960 0.4013693 -24.9199278 0.963 0.637 ...
167.37
57.66
2332903880159372672 0.4568686 -29.4269526 1.559 1.767 ...
248.19
56.85
2417396645764338688 0.8341101
-15.153369 5.562 1.282 ...
377.05
66.71
4976547514607879808 1.6097728
-50.158799 1.021 0.781 ...
102.4
57.97
2417119358380854656 2.8410856 -14.4837046 1.633 0.654 ...
292.24
78.09
...
...
...
...
...
...
...
...
...
...
2326873849154764416 359.4225687 -29.8951177 1.078 1.149 ...
123.17
50.41
∗
Ref. – (1) McCook, & Sion (1999), (2) Croom et al. (2001), (3) Vennes et al. (2002), (4) Lépine et al. (2003), (5) Croom et
al. (2004), (6) Kleinman et al. (2004), (7) Eisenstein et al. (2006), (8) Hall et al. (2008), (9) Girven et al. (2011), (10) West
et al. (2011), (11) Carter et al. (2013), (12) Kleinman et al. (2013), (13) Kepler et al. (2015), (14) Fantin et al. (2017), (15)
Kilic et al. (2019), (16) Zhang (2019)
Note – A full version of this table is available in the machine-readable form (https://iopscience.iop.org/article/10.3847/1538-4357/aba523#apjaba523t2).

In color-color space, stars from Set B excluded from the white dwarf selection in the RPM
diagram (black dots in the top right panel of Figure 2.8) mostly fall on the expected locus of
main-sequence stars of K-type and early M-type, consistent with our suggestion that they are
low-mass stars of the local halo. We found a star among these black dots located in between
white dwarfs and giants in the diagram, which implies that it is a binary system with an M
dwarf companion (Smolčić et al. 2004). We list our final halo white dwarf candidates from
Sets A (217 stars) and B (283 stars) in Tables 2.2 and 2.3, which include Gaia astrometric
and photometric measurements and Pan-STARRS photometric measurements for each one.
The description of each column is provided in Table 2.4.
In principle, stars below the red dashed line in the RPM diagram in Figure 2.8 have the
highest likelihood of being local halo white dwarfs, and this line can be used to select halo
white dwarfs based on color and reduced proper motion alone, which would be particularly
useful for subsets of stars that have no reliable parallaxes. However, we still clearly see a few
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Table 2.4: Column Description Provided in Tables
Header
Description
source id
Gaia DR2 unique source identifier
RA
Right ascension in J2015.5 (deg)
Dec
Declination in J2015.5 (deg)
π
Gaia DR2 parallax (mas)
σπ
Gaia DR2 standard error of parallax (mas)
µα
Gaia proper motion in right ascension direction (mas yr−1 )
µδ
Gaia proper motion in declination direction (mas yr−1 )
G
Gaia G-band mean magnitude (mag)
GBP − GRP
Gaia BP - RP color (mag)
Pan-STARRS DR1 identifier
PS1 id
rPS
Pan-STARRS r-band magnitude (mag)
gPS − rPS
Pan-STARRS gPS − rPS color (mag)
rPS − iPS
Pan-STARRS rPS − iPS color (mag)
vT, r
Transverse velocity in r direction from Gaia parallax (km s−1 )
vT, s
Transverse velocity in s direction from Gaia parallax (km s−1 )
vT, tot
Total transverse velocity from Gaia parallax (km s−1 )
Photometric distance for Set B only (pc)
Phot Dist
vT, phot
Total transverse velocity from photometric distance for Set B only (km s−1 )
WD Likelihood
Confidence level to pass the white dwarf selection (%)
Halo WD Likelihood Confidence level to pass the the halo white dwarf selection expressed (%)
Halo status of white dwarf candidates for Sets C and D only∗
Halo Status
Spec Type
Spectral type of a known white dwarf given in the SIMBAD database
Ref.
References
*: Halo white dwarf candidates with likelihood > 50%
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Figure 2.9: Left: RPM diagram built from Gaia proper motion and Pan-STARRS photometry, for stars in Set C. Stars selected from Figure 2.3 are overlaid on the distribution, and each
symbol separately denotes stars excluded from the selection (black filled circles), 80 normal
white dwarfs (yellow filled circles), and 20 halo white dwarf candidates (blue filled circles).
Error bars show errors in reduced proper motion and rPS − iPS color. Right: gPS − rPS color
distribution as a function of rPS − iPS color. The lines are the cooling sequences of white
dwarfs for pure hydrogen atmospheres: 0.3M (dashed line) and 0.6M (solid line). Error
bars indicate errors in gPS − rPS and rPS − iPS colors.
gray points below the red line, which are stars we excluded from the initial halo selection. A
selection based on reduced proper motion alone may thus still be significantly contaminated
with thick-disk white dwarfs. Amarante et al. (2020) suggested that their model predicts that
kinematics of ∼ 13% of the high transverse velocity (vT > 200 km s−1 ) stars are consistent
with that of the thick disk population. This will be an important caveat of our attempt to
select halo white dwarfs from Sets C and D.

2.3.4

Selection of Halo White Dwarf Candidates from Set C via Pan-STARRS
Photometry

We were able to collect Pan-STARRS photometry for 28,009 stars in Set C (stars without
Gaia parallaxes). Among them, 2571 stars meet the Gaia RPM diagram selection cut for
white dwarfs defined in § 2.2.5. The left panel in Figure 2.9 shows the RPM diagram for
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stars in Set C, based on Pan-STARRS photometric measurements. We reproduce in this
diagram the two selection lines defined in Figure 2.8 for Sets A and B: the black dashed
line separating white dwarfs and main-sequence stars, and the red-dashed line selecting the
halo white dwarfs. It is clear that Set C shows massive contamination from main-sequence
stars. They are mostly low-mass stars from the clump near the red-dashed line in the Gaia
RPM diagram (see Figure 2.3). Most of these contaminants (black filled circles) can now be
excluded. The remaining 100 stars located below the black dashed line can still be considered
white dwarf candidates (yellow filled circles), and 20 of them, shown as blue filled circles,
are located below the red dashed line, identifying them as possible halo white dwarfs.
The distribution of Set C stars in the color-color plane is shown in the right panel in
Figure 2.9. As expected, stars identified in the RPM diagram as main-sequence stars (black
filled circles) have redder colors than normally expected for white dwarfs and are consistent
with K or early M dwarfs. On the other hand, the stars identified as white dwarfs based on
their RPM diagram distribution form a sequence consistent with the white dwarf locus, and
similar to that seen in Figure 2.8 for the white dwarf candidates from Sets A and B.
We run the likelihood test for these 100 white dwarf candidates using the same methods
described in §2.3.1. Three conditions are used for the selection: the RPM-Gaia color cut
(Equation 2.6), the RPM-Pan-STARRS cut (Equation 2.9), and the RPM-Pan-STARRS cut
for halo white dwarf candidates (Equation 2.10). The likelihood of being white dwarfs or
of being halo white dwarfs is decided by whether a star passes the first two or all three
conditions. We confirm that 20 stars below the red dashed line have likelihood > 50%,
making them reasonably likely to be local halo white dwarfs. In Table 2.5, we provide the
list of 20 stars with their likelihoods. In addition, we provide information for the remaining
80 candidates as a reference and because they might include objects of interest.
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Table 2.5: White Dwarf Candidates in Set C
R.A.
Decl.
µα
µδ
...
WD
Halo WD
(deg)
(deg)
(mas yr−1 ) (mas yr−1 ) ... Likelihood (%) Likelihood (%) Spec Type
References∗
source id
2417140047238388864 3.6801333 -14.3027568
95.22
-16.06
...
100.0
0.0
2320117629375536512 5.1560428
-29.920615
45.73
3.26
...
100.0
0.0
2349743076832651648 12.5277632 -20.9737167
58.39
-10.95
...
100.0
0.0
2355740496149824640 12.918436 -20.8993984
47.17
-3.23
...
100.0
0.01
2355806024466166784 14.0156541 -20.6681025
46.74
-21.32
...
100.0
59.57
...
...
...
...
...
...
...
...
...
...
2339318877674994816 358.0884434 -22.9675101
-21.92
-40.33
...
85.71
0.0
∗
Ref. – Eisenstein et al. (2006), (2) Kleinman et al. (2013)
Note – A full version of this table is available in the machine-readable form (https://iopscience.iop.org/article/10.3847/1538-4357/aba523#apjaba523t2).

Figure 2.10: Left: same RPM diagram as Figure 2.9, but for stars in Set D. Right: same
color-color diagram as Figure 2.9, but for stars in Set D.

2.3.5

Tentative Identification of Halo White Dwarfs with No Gaia GRP − GRP
Colors (Set D)

Finally, we revisit Set D, which comprises all stars with some astrometric data from Gaia
but no GBP − GRP colors. Stars in Set D all have proper motions from Gaia , and most
also have parallaxes or G magnitudes. Our cross-match method identifies counterparts for
8172 of these stars in Pan-STARRS , which allows us to use Pan-STARRS photometric data
instead of Gaia GBP − GRP colors. We repeat the analysis we did for Set C to find possible
white dwarf candidates from the RPM diagram and color-color diagram. Figure 2.10 shows
the RPM diagram (top panel) and color-color diagram (bottom panel) for all stars in Set D.
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Applying the same cut, we identify 123 white dwarf candidates (colored symbols), of which
11 (blue symbols) met the requirement to be identified as halo white dwarfs.
The RPM diagram for Set D shows a clean separation between the white dwarf and mainsequence loci, similar to that seen for Set A, and it is easy to be convinced that all stars to
the left of the dashed line are very likely all white dwarfs. This impression is corroborated
by their distribution in the color-color diagram, which has all of the stars falling neatly along
the expected white dwarf sequence.
While most candidates fall onto the cooling sequence of a 0.6M (solid line) white dwarf
in the color-color diagram, some candidates appear to be unusually red in gPS − rPS colors
but blue in rPS − iPS . Harris et al. (2003) and Kilic et al. (2006) reported prominent outliers
in the SDSS (g − r, r − i) color-color plane in SDSS, many of which were classified as DC
white dwarfs without significant spectral features. They suggested that white dwarfs at cooler
temperatures (below 4000K) are under collision-induced absorption (CIA) due to molecular
hydrogen H2 , which depresses flux in the iPS band and makes a bluer rPS − iPS color.
In Table 2.6, we claim 123 white dwarf candidates in Set D, and 11 of them are identified
as halo white dwarf candidates with likelihood > 50%. Likelihood values of being white
dwarfs or of being halo white dwarfs are provided as well. Note that only nine stars among
our local halo candidates are shown in the top panel in Figure 2.10, the remaining two stars
have extremely blue colors and fall outside the bounds of the plot. This table also includes,
for reference, 28 known stars from Set D identified in various studies, including white dwarf
catalogs from SDSS DR7 (Debes et al. 2011; Girven et al. 2011; Kleinman et al. 2013), SDSS
DR10 and DR12 (Kepler et al. 2015; Koester & Kepler 2015), and LAMOST DR2 (Guo et
al. 2015).
Although Set D is a collection of stars that do not have Gaia colors, Gaia DR2 provides
parallaxes for 96% of them. Thus, we can use the CMD in order to check the validity of our
selection (Figure 2.11). We use rPS − iPS color and an absolute magnitude obtained from the
rPS magnitude and the Gaia parallax. The distribution shows both a clear main sequence
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Table 2.6: White Dwarf Candidates in Set D
R.A.
Decl.
π
σπ
...
WD
Halo WD
(deg)
(deg)
(mas) (mas) ... Likelihood (%) Likelihood (%) Spec Type
References∗
source id
2361704045355924352 5.2793135 -21.0576421 4.355 0.222 ...
100.0
100.0
5041666743597100928 19.655093 -22.9164157 5.461 0.175 ...
80.84
0.0
2482500275433240832 21.0240977 -4.3160092 1.543 0.713 ...
98.09
0.0
5121322444019559936 32.8875957 -24.837461 6.226 1.632 ...
100.0
2.6
5075663260876120064 42.2124742 -26.5199788 5.141
0.97 ...
100.0
0.0
...
...
...
...
...
...
...
...
...
...
1047465080939412608 154.6366483 59.0896157 -0.269 0.68 ...
99.98
1.93
∗
Ref. – (1) McCook, & Sion (1999), (2) Debes et al. (2011), (3) Girven et al. (2011), (4) Kleinman et al. (2013), (5) Guo
et al. (2015), (6) Kepler et al. (2015), (7) Koester & Kepler (2015), (8) Limoges et al. (2015), (9) Dame et al. (2016), (10)
Kepler et al. (2016)
Note – A full version of this table is available in the machine-readable form (https://iopscience.iop.org/article/10.3847/1538-4357/aba523#apjaba523t2).

Figure 2.11: CMD for stars in Set D. Yellow points are white dwarf candidates selected
from the RPM diagram, and local halo white dwarf candidates are shown as blue points.
Overplotted black open boxes represent known white dwarfs identified from various studies
(see Table 2.6). Error bars indicate errors in absolute magnitude and rPS − iPS color.
and a white dwarf cooling sequence, cleaner than the CMD of stars in Set B, which suggests
that the Gaia astrometry is useful and reliable, and that Set D is a better subset once it is
complemented with external photometric data. Our white dwarf candidates are shown as
yellow points, and local halo white dwarf candidates are shown as blue points. Black open
boxes show previously known white dwarfs, which mostly fall along the bright end of the
white dwarf sequence. While our candidates mostly follow the white dwarf cooling sequence,
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a few candidates with relatively small error bars in absolute magnitudes and rPS − iPS colors
appear very luminous, which implies that these stars might be unresolved WD+M binaries
or hot subdwarfs.

2.4

Summary and Conclusions

With Gaia DR2 we are now having a fresh opportunity to expand the census of local stars of
relatively low luminosity, which notably includes the white dwarfs. Expanding the identification and characterization of low-mass stars and white dwarfs of the Galactic halo population,
in particular, will fuel further investigations into the star formation history of the local Galactic halo populations, and with greater detail. As one of these first steps, we have identified
all white dwarf candidates with large apparent transverse motions (vT > 200 km s−1 ) in
Gaia DR2 in an area covering 17.3% of the sky, based on their kinematics. As a result, we
have identified 531 white dwarfs that are likely to be the remnants of low-mass stars in the
local Galactic halo.
Our candidates were selected from a band with 20◦ width running across both Galactic
poles and the Galactic center and anticenter, to facilitate the proper motion selection of
objects with large asymmetric drift relative to the local standard of rest. We used Gaia
parallaxes, proper motions, and G magnitudes, and we selected stars using a combination of
RPM diagram, CMD, and transverse velocities. We divided selected stars into four subsets
depending on the quality of their Gaia data: clean subset (A), unclean subset with parallaxes (B), unclean subset without Gaia parallaxes (C), and unclean subset without Gaia
colors (D). Since Sets A and B contain parallax measurements, we select halo white dwarf
candidates from the projected (V⊥ , Vk ) kinematic plane. Our candidates are cross-matched
with Pan-STARRS to obtain more detailed photometric data, not only to better select white
dwarf candidates from Sets C and D, but also to confirm our results independent of Gaia
photometry. In the case of Sets C and D, we select white dwarf candidates from the RPM
diagram as a function of Pan-STARRS rPS − iPS color on the basis of an empirical cut
41

defined in the RPM diagram of halo white dwarf candidates from Set A. Although we do
not have griz magnitudes for all our stars, because Pan-STARRS DR1 does not cover our
entire sample, the color-color distributions of all subsets in the (gPS − rPS , rPS − iPS ) plane
confirm that our candidates are mostly white dwarfs, with only minimal contamination from
low-mass, main-sequence stars (which are probably also halo members).
To confirm the white dwarf status of our candidates and weed out contaminants, we will
ultimately need to collect spectra and do a formal spectroscopic classification. In addition,
measuring radial velocities of these objects is required to confirm their kinematic membership
(are they actually halo members?) and integrate their Galactic orbit. A full spectroscopic
analysis of the subset identified in this paper could also provide masses and cooling ages,
which would in turn further constrain the age of the Galactic halo.
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Chapter 3
A CATALOG OF HALF A MILLION LOCAL HALO MAIN-SEQUENCE
STARS WITH PHOTOMETRIC METALLICITIES

3.1

Introduction

Thanks to the Gaia mission (Gaia Collaboration et al. 2016, 2018a, 2020), our understanding of the Milky Way has deepened, with an accumulation of new information and detailed
data that inform the formation and evolutionary history of the Galaxy. In itself, the second
Gaia data release (DR2, Gaia Collaboration et al. 2018a), now provides a vast dataset to
survey and map out the stellar populations of the Galactic disk and halo. However, Gaia
data sets become even more powerful when they are combined with other existing large spectroscopic datasets that provide complementary information on radial velocity and elemental
abundance. For example, recent studies based on Gaia DR2 and SDSS (Belokurov et al.
2018; Myeong et al. 2018a,b; Koppelman, Helmi, & Veljanoski 2018) have reported a slightly
retrograde, large ellipsoidal structure in velocity space that appears to have been created by
an accretion event involving a massive dwarf galaxy, known as Gaia-Enceladus (Helmi et al.
2018). Haywood et al. (2018) investigated an apparent doubling of the main-sequence in the
color-magnitude diagram (CMD) of stars with high tangential velocities in Gaia DR2 and
reported that the halo populations found in the solar vicinity are a combination of accreted
stars and of the tail of the thick disk that was dynamically heated by past accretion events.
Naidu et al. (2020) identified seven known substructures tied to accretion events and three
new structures all within 50 kpc from the Galactic center, using a sample of giants at high
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Galactic latitude for which radial velocities and elemental abundances are obtained from the
H3 spectroscopic survey (Conroy et al. 2019).
Most results probing the spatial structure and kinematics of the Galactic halo have so far
been obtained from the analysis of bright sources, mainly giants, which are the best targets
for observations aiming to study the kinematics of moderately distant halo stars as they
require less effort to obtain high signal-to-noise spectral data for measuring radial velocities
and elemental abundances. Moreover, using intrinsically bright sources as tracers of the halo
populations maximizes the volume that one can survey, which can unveil the structure of the
halo on the largest scales (tens of kiloparsecs) to probe the global formation and chemical
enrichment history of the halo, and identify major evolutionary events. Bright sources,
therefore, are the most favorable targets for studying the outer regions of the Galaxy.
However, the main constituents of the stellar halo are not evolved objects like red giants
but main-sequence stars. Low-mass stars in particular (K and M dwarfs) make up the bulk
of the baryonic halo, but they remain largely unexploited in studies of the Galactic halo due
to their low intrinsic luminosity. Due to these technical difficulties, surveys of main-sequence
stars merely extend out to a few kiloparsecs from the Sun, and thus only probe the local halo
populations. Nevertheless, a merit of using low-mass main-sequence stars is that they are
“pristine” and have preserved the original chemical compositions of their birthplace in their
atmosphere. As low-mass stars stay in the main-sequence stage for much longer than 10
Gyr, those stars in the local halo effectively deliver accurate abundance information about
the star-forming environment of the early Universe (Frebel & Norris 2015; Helmi 2020), and
hence provide valuable records of the Solar vicinity in the early Galaxy. In addition, because
low-mass stars are > 102 times more common than red giants, they can potentially reveal the
signature of much smaller accretion or formation events, drawing a more complete picture
of Galaxy evolution.
The latest Gaia Early Data Release 3 (EDR3, Gaia Collaboration et al. 2020) provides
parallaxes and proper motions for more than 1.48 billion stars in the Milky Way. The
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magnitude limit in the G band is ∼ 21.5, which makes it possible to identify and characterize
millions of low-mass stars in the Solar neighborhood and obtain their precise distances,
proper motions, and colors. Although Gaia cannot provide full 6D astrometric solutions (i.e.
position, proper motion, distance, and radial velocity) for a large fraction of the low-mass
stars, which tend to be fainter than G ∼ 16, Gaia EDR3 expands the amount of mainsequence stars that we can use to statistically investigate the kinematics of the local halo.
With a survey completeness limit at G ≤ 19 (Fabricius et al. 2020), we can identify even
very low-mass stars (e.g. late-type M dwarfs) with absolute magnitude MG ∼ 13 up to a
distance d < 150 pc. Gaia EDR3 reports an average improvement on the uncertainties for
the positions and parallaxes by a factor of ∼ 0.8 and for the proper motions by a factor of
0.5 (Lindegren et al. 2021) with respect to Gaia DR2, which is thanks to the longer baseline
from 33 months of observations as compared to 22-month data for Gaia DR2 (Lindegren et
al. 2021; Fabricius et al. 2020). The significant improvement in Gaia astrometry benefits the
identification of the faint halo population since kinematic selection of high-velocity stars is
the primary method for rounding up halo stars.
The application of simple kinematic cuts for selecting halo main-sequence stars is not
sufficient as the faster-moving stars from the Galactic thick disk population will typically
contaminate the sample in significant numbers. Recent studies have reported that stars in
the Solar neighborhood with high tangential velocities (vt > 200 km s−1 ) primarily consist of
a mixture of stars from the Gaia-Enceladus dwarf galaxy that merged with the Milky Way
9 – 11 Gyr ago and stars from the old disk heated by the Gaia-Enceladus accretion event
(Belokurov et al. 2018; Helmi et al. 2018; Koppelman, Helmi, & Veljanoski 2018; Haywood et
al. 2018). Since both populations have different origins, their chemical make-up also differs
significantly and they display different ranges of iron abundances [Fe/H], which can serve as
a clue to their origin. True halo stars, either from the Gaia-Enceladus, or from other earlier
accretion events, are typically the most metal-poor, and their chemical make up can serve
to identify them as it affects their spectral distribution.
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In the absence of spectroscopic data, an indirect approach to identify metal-poor stars is
to use known relationships between metallicity, color, and luminosity, which can be applied
in a CMD. Empirically, metal-poor stars on the main sequence are both bluer and brighter
in optical CMDs compared to metal-rich stars. As large spectroscopic surveys, like SDSS
SEGUE (Yanny et al. 2009), APOGEE (Majewski et al. 2017; Ahumada et al. 2020), GALAH
(De Silva et al. 2015; Buder et al. 2020), and LAMOST (Cui et al. 2012), have collected and
provided a huge collection of stellar parameters in the last decade, including metallicity
measurements, data for these stars can be used to calibrate color-magnitude-metallicity
relationships, from which photometric metallicities can be estimated empirically. While
this has already been done for higher-mass stars, empirical calibration of color-metallicityluminosity relationships for low-mass stars is still in progress, and depends on assembling
spectroscopic data for large enough numbers of low-mass stars.
In this paper, we assemble a large catalog of candidate halo main-sequence stars within
2 kpc from the Sun from Gaia EDR3. A search of recent, large spectroscopic surveys of
low-mass stars identifies > 17, 000 stars that have measured spectroscopic metallicities; we
use these stars to calibrate a metallicity grid in the optical CMD, which we use to estimate
photometric metallicities for all the stars in the catalog. In §3.2, we discuss the processes
to identify candidates in the local Galactic halo from Gaia EDR3 and introduce additional
datasets we collected to build the photometric metallicity grid. In §3.3, we present how
to estimate photometric metallicities of our sample and how to calibrate the grid based
on common-proper-motion pairs in our catalog. Detailed information and validation of our
catalog is provided in §3.4, which includes estimates of the local density of halo stars and
their luminosity function. We summarize our results in §3.5.
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Figure 3.1: Sky distribution of the full subset of 3.40 million stars with precise Gaia parallaxes
(σπ /π < 0.150) and high-proper-motions (µtot > 40.0 mas yr−1 ). We define six zones that
correspond to the six cardinal directions in the Galactic coordinate system. Due to the
“asymmetric drift”, halo stars have specific distributions of their transverse motions in each
sector.

3.2
3.2.1

Data
A Catalog of High-proper-motion Stars in Gaia EDR3

Gaia EDR3 provides parallax, proper motion, and color for ∼ 1.46 billion stars, which is
the largest collection of data on stars in the Galaxy. To select stars from the local halo
populations, we first assemble a list of ∼ 3.40 million stars with precise Gaia parallaxes
(σπ /π < 0.15) and reported high proper motions (µ > 40.0 mas yr−1 ). A chance to catch
halo stars increases, using this particular proper motion limit; for example, a tangential
velocity of a star with µ = 40.0 mas yr−1 at the distance of 1 kpc is 189.6 km s−1 . Those
stars are spread over the sky with a uniform distribution (see Figure 3.1), and the absence
of any significant over-density at low Galactic latitude confirms that objects in that subset
are very local disk/halo stars.
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We further reduce our sample using a set of conditions to extract a subset with consistent
and reliable astrometric and photometric data. Lindegren et al. (2018, 2021) recommended
checking uncertainties in the parallax measurements, uncertainties in fluxes of the Gaia BP
and RP filters, the renormalized unit weight errors (RUWE), and GBP − GRP color excess
factors (E):
1. π > 0.0
2. σπ /π < 0.15
3. µtotal > 40.0 mas yr−1
4. −3.0 ≤ GBP − GRP < 6.0
5. 3.0 ≤ G < 21.0
6. σ(FBP )/FBP < 0.10
7. σ(FRP )/FRP < 0.10
8. RUWE < 1.4
9. 1.0 + 0.015(GBP − GRP )2 < E < 1.3 + 0.06(GBP − GRP )2 .
3.2.2

Identification of Halo Candidates from the Reduced Proper Motion Diagram

The kinematics of local halo stars is very distinct and can be used to separate them from
the local disk populations. Typical halo stars have high Galactic rotational velocities, V ,
relative to the local standard of rest, V ≥ 200 km s−1 (Bensby et al. 2014). Radial velocities
for stars are essential to precisely calculate the rotational velocities. However, current Gaia
EDR3 provides radial velocities mostly for bright stars. As full radial velocity measurements
for all Gaia stars will not be published before 2022, we approach the selection process for
halo stars from a different angle by examining the distribution of stars in a reduced proper
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motion (RPM) diagram. The RPM diagram (Luyten 1922; Jones 1972; Lépine & Shara
2005; Kim et al. 2020; Koppelman & Helmi 2021) is an efficient tool for separating stellar
populations. The RPM diagram is distance independent, and efficiently separates giants
from main-sequence stars and white dwarfs, but also the RPM diagram segregates stars by
transverse motion, which is useful for selecting high-velocity stars from the local halo.
An RPM diagram plots a reduced proper motion as a function of a star’s color. For stars
in the Gaia catalog, we define a reduced proper motion, HG = G + 5 log µ + 5, and from
the relationship between the proper motion, parallax, and transverse motion, we find that:
HG = MG + 5 log vt + 1.621, where MG is the absolute magnitude of the star, and vt is the
star’s transverse motion in km s−1 . Values of HG only require proper motions to be available
and accurate.
One caveat of the RPM diagram is that stars in the Galactic plane, especially near the
Galactic center, can be significantly affected by reddening effects due to the amount of gas
and dust in the plane of the Milky Way. Since we do not limit our sample to distance
or galactic latitude, the line-of-sight extinction value might play an important role in the
selection process, even though Andrae et al. (2018) report that reddening of stars in the
higher Galactic latitudes (|b| > 50◦ ) is prominently less significant than that of stars in the
Galactic plane.
We adapt the 3D reddening map from Green et al. (2019) to obtain color excess values
E(B − V ) for each of our stars. To convert the color excess to Gaia passbands, we referred
to Wang & Chen (2019), who provides the color excess ratio and extinction coefficient for
Gaia passbands based on the collected data from Gaia, APSS, SDSS, Pan-STARRS DR1,
Two-MASS (2MASS), and WISE surveys. From Table 3 in Wang & Chen (2019), we obtain
the relative extinction values for Gaia passbands, which are:
AV = 3.16 E(B − V ) = 2.394 E(GBP − GRP )
(3.1)
∴ E(GBP − GRP ) = 1.320 E(B − V )
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AG = 1.890 E(GBP − GRP ), AGRP = 1.429 E(GBP − GRP )

(3.2)

∴ E(G − GRP ) = AG − AGRP = 0.461 E(GBP − GRP )
With those extinction corrections, we redefine the reduced proper motion to be: HG =
G + 5 log µ + 5 − AG , which provides an extinction corrected RPM diagram. Since Green
et al. (2019) constructed their 3D extinction map based on Pan-STARRS photometry, the
map does not provide extinction estimates for stars in the Southern hemisphere. Therefore,
we assign ‘0’ to the color excess and extinction value for stars in b ≤ −30◦ . For stars in
b > −30◦ , on the other hand, we obtain the G − GRP color excess and G band extinction
values based on the equations above.
As ∼ 30% of the high-proper-motion stars are found in the Southern hemisphere, reddening effects remain an issue for our RPM selection. We check how reddening effects
influence the selection process of halo main-sequence stars by comparing RPM diagrams of
high-proper-motion stars in six different zones of the sky (see Figure 3.2). We use G − GRP
color, instead of using GBP − GRP color, because a) the recent Gaia EDR3 paper (Fabricius
et al. 2020) recommends to use G − GRP color if the sample contains faint red sources due
to a strong bias for those sources in GBP magnitudes, and b) G − GRP color is inherently
less sensitive to reddening compared to the GBP − GRP color.
The stellar distribution in each panel in Figure 3.2 show the typical “split loci” of the
disk and halo main-sequence stars, along with the sparser white dwarf locus on the lower-left
corner of the diagram. The halo locus, in the center of the diagram, can be recognized by its
rounded blue end, which consists of old main-sequence turnoff stars. The disk locus is shifted
up due to disk stars having lower transverse motions. Subgiants from the halo overlap with
solar-type stars in the disk around HG ∼ 11.0 and G − GRP ∼ 0.5. These diagram do not
show the red giants and blue/young main-sequence stars of the disk populations, which have
HG < 9.
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Figure 3.2: Reduced proper motion (RPM) diagrams for high-proper-motion (µ > 40 mas
yr−1 ) stars in the Gaia EDR3 in six different regions in the sky (see Figure 3.1). High velocity
stars (vt > 200 km s−1 ) are plotted as blue dots and identify the general locus of halo stars
in each diagram. We define empirical color-RPM relationships (upper black-dashed lines) to
identify all likely halo candidates. We identify 551, 214 stars in total that are selected to be
the halo stars.
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Comparing the RPM diagrams from the six different directions on the sky shows subtle
differences. Some of these are due to color shift (reddening effect). While stars near both
Galactic poles have less scatter than those in the Galactic plane, stars near the Galactic center
show the most dispersed features, which is mostly caused by severe line-of-sight interstellar
reddening toward the Galactic center. If reddening effects are supposed to be small the other
reason can be explained by the slightly different kinematics of the stars in different parts of
the sky. In the direction parallel to the Sun’s motion, the transverse motions of the halo
stars are larger or smaller because we are more sensitive to the “V ” values, which are larger
for the halo stars. This can slightly “shift” the mean location of the halo sequence depending
on the area of interest where we observe.
To select halo stars in the RPM diagram we define arbitrary cuts in the (G − GRP , HG )
plane that are meant to select the vast majority of stars with high-tangential-velocities (vt >
200 km s−1 ; blue points in Figure 3.2), which is an adopted criterion in Gaia Collaboration
et al. (2018a) to make a star a likely member of the halo population. Reduced proper
motion cuts, however, are more inclusive than pure tangential velocity cuts because (1) they
do not rely on the Gaia parallax values, and (2) reduced proper motion cuts separate out
halo and disk stars both by velocity and by metallicity as demonstrated in § 3.2 and 3.3.1
below. Black dashed lines in each RPM diagram are empirical color-RPM boundaries, which
separate the halo population from the disk population and the white dwarfs, based on the
general shape of their loci in the RPM diagram. We firstly remove most white dwarfs that
have bluer colors and larger RPM values by using an empirical cut which separates white
dwarfs and main-sequence stars (Kim et al. 2020): HG ≤ 4.94(GBP − GRP ) + 12.91. To
acquire a better fit, we limit Gaia color in the range of 0.2 < G − GRP and RPM value in
the range of 11.5 < HG . Finally, the lines are defined from a third-degree polynomial fit of
the bluest and reddest median G − GRP colors where the number of high-tangential-velocity
stars in G − GRP color histograms in each RPM bins is larger than 20. We use polynomials
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Table 3.1: Coefficients of the polynomials of the form: HG = c0 + c1 (G − GRP ) + c2 (G −
GRP )2 + c3 (G − GRP )3 used as boundaries for the selection of halo main-sequence stars in
the RPM diagram.
Zone
1: Galactic Center

Color
Blue
Red
2: Solar Antapex
Blue
Red
3: Galactic Anti-center Blue
Red
4: Solar Apex
Blue
Red
5: Galactic North Pole Blue
Red
6: Galactic South Pole Blue
Red

c0
−9.994
−6.169
−13.43
−11.06
−18.67
−9.149
−10.11
−6.988
−14.46
−2.199
−22.42
−2.789

c1
123.5
68.77
142.5
85.34
165.3
77.89
121.4
72.94
146.8
54.86
185.8
56.07

c2
−197.3
−79.74
−236.1
−97.50
−265.2
−87.77
−191.9
−84.69
−236.5
−62.77
−300.6
−63.30

c3
110.5
33.23
137.2
39.64
147.2
35.58
106.0
34.73
131.6
26.42
166.3
26.34

of the form: HG = c0 + c1 (G − GRP ) + c2 (G − GRP )2 + c3 (G − GRP )3 . The coefficients of the
“blue” and “red” limits are slightly different based on the zones and are listed in Table 3.1.
Gaia Collaboration et al. (2018a) reported bimodal main sequences for stars with hightangential velocities in the CMD, and our sample also shows this bimodality in the RPM
diagram. The double sequences are noticeable in all diagrams, regardless of any line-of-sight
direction of the sky. We believe the upper sequence shows the high-velocity tail of the thick
disk population; Amarante et al. (2020) reported that kinematics of ∼ 13% of the high
transverse velocity (vT > 200 km s−1 ) stars in their model are consistent to that of stars in
the thick disk.

3.2.3

Collective Calibration Dataset

To derive photometric metallicites for all the halo stars selected above, we first assemble a list
of “metallicity calibrators” which are stars in our catalog for which spectroscopic metallicity
measurements exist in the literature. A large majority of stars in the halo population is
expected to consist of the oldest objects in the Galaxy. Stars in the halo are also expected to
be significantly more metal-poor than stars in the disk, which has been confirmed in various

53

spectroscopic studies (Carollo et al. 2007, 2010; An et al. 2013; Liu et al. 2018; Naidu et al.
2020, and see additional references therein). The primary targets in those studies are mostly
red giants which allow us to study distant stellar structures extending in the far outer
halo. Halo main-sequence stars, which tend to be more local, are thus often overlooked.
However, there still exists spectroscopic metallicity measurements ([Fe/H])1 for small but
representative subsets of our halo candidates from various surveys, which are sufficient to
define a photometric metallicity grid for low-mass stars (K and M dwarfs/subdwarfs) in the
CMD. The datasets we collected are from:
• SDSS SEGUE I/II (Yanny et al. 2009)
• SDSS APOGEE DR16 (Majewski et al. 2017; Ahumada et al. 2020)
• LAMOST DR6 Low-resolution A, F, G, and K Catalog (Cui et al. 2012)
• LAMOST DR6 Low-resolution M dwarf catalog
• LAMOST DR6 Mid-resolution catalog
• GALAH DR3 (De Silva et al. 2015; Buder et al. 2020)
• A low-and-mid resolution catalog of nearby M dwarfs (Hejazi et al. 2020)
• SDSS M dwarf catalog2
The total number of calibrators from these sources which are found in our catalog is
20, 047. Each of the subsets is described in more detail below.

3.2.3.1

SEGUE-I/II and APOGEE DR16

One of the best-known, all-sky spectroscopic survey for stars in the Galaxy is the Sloan
Extension of Galactic Understanding and Exploration survey (SEGUE; Yanny et al. 2009)
1

Technically, [Fe/H] should be referred as iron abundance. In this study, however, we define it as stellar
metallicity and treat it the same as the overall metal abundance, [M/H].
2
A full catalog is provided by S. Lépine (private communication).
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Figure 3.3: CMDs of stars with precise spectroscopic metallicities (σ([Fe/H])/[Fe/H] ≤ 0.15)
from SDSS APOGEE DR16 (443 stars), LAMOST DR6 MRS (383 stars) and LRS catalogs
(10,608 stars from the AFGK dwarfs catalog and 1,268 stars from the M dwarf catalog),
GALAH DR3 (507 stars), SDSS SEGUE-I/II (3,656 stars), Hejazi et al. (2020) (162 stars),
and SDSS M dwarf catalog (3,020 stars). For convenience, we use [Fe/H], instead of [M/H],
for describing chemical abundances of M dwarfs. For stars in the SDSS M dwarfs catalog, we
uniformly assigned random [Fe/H] values depending on their subtypes (also see Table 3.2).
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and the Apache Point Observatory Galactic Evolution Experiment (APOGEE; Majewski
et al. 2017; Ahumada et al. 2020) survey. While the SEGUE survey is a moderate-resolution
(R ∼ 1, 800) spectroscopic survey in optical wavelength for faint stars (14.0 < g < 20.3), the
APOGEE survey is a high-resolution (R ∼ 22, 500), high signal-to-noise survey in infrared
wavelength with a focus on red giants but including many main-sequence stars as well. We
cross-matched our catalog with SDSS SEGUE-I/II and APOGEE DR16, then removed stars
with large uncertainties in stellar abundances (σ([Fe/H])/[Fe/H] ≥ 0.15) and a SEGUE star
with solar metallicity ([Fe/H] > 0.0). There remained 443 stars from APOGEE and 3656
stars from SEGUE. Top-left and bottom-left panels in Figure 3.3 show their distribution in
the CMD, with their metallcity values encoded on a color scale.

3.2.3.2

LAMOST DR6

The Large Sky Area Multi-Object Fiber Spectroscopic Telescope (LAMOST) has been conducting low-resolution (R ∼ 1, 800) and moderate-resolution (R ∼ 7, 500) spectroscopic
surveys in optical wavelength. We cross-matched our catalog with the low-resolution A, F,
G, and K star (LRS-AFGK) catalog, the low-resolution M star (LRS-M) catalog, and the
mid-resolution parameter (MRS) catalog in LAMOST DR63 . After removing stars with large
uncertainties (σ([M/H])/[M/H] ≥ 0.15) in their metallicities4 and five LRS-AFGK stars with
apparent solar metallicities, we retained 10, 608 stars from the LRS-AFGK, 1, 268 stars from
the LRS-M, and 383 stars from the MRS. The second and third panels in the top row and
the second panel in the bottom row of Figure 3.3 show the distribution of stars in the CMD
from MRS catalog, LRS-AFGK, and LRS-M, respectively, with their metallicity encoded on
the color scale.
3

http://dr6.lamost.org/v2/
M dwarf catalog provides overall metal abundance, [M/H], which is technically different with Fe abundance, [Fe/H]. In this study, however, we treat both terms the same.
4

56

Table 3.2: Metallicity boundaries for stellar subtypes.
Subtype
[Fe/H]
M
−0.34 to 0.00∗
sdM
−0.87 to −0.34
esdM
−1.36 to −0.87
usdM
−3.00∗ to −1.36
∗
We limited the maximum and minimum values of SDSS M dwarf candidates, considering
metallcity ranges for other dataset.

3.2.3.3

GALAH DR3

The recent GALactic Archaeology with HERMES (GALAH) DR3 provides stellar parameters and elemental abundances for 588, 571 stars that have been observed with the HERMES
(R ∼ 28, 000) spectrograph (De Silva et al. 2015; Buder et al. 2020). The database contains
507 matches with our catalog. All matches appear to be intermediate mass stars (A, F, G
type) near the main-sequence turnoff, and their distribution in the CMD is shown in the
top-right panel in Figure 3.3, again with metallicity values encoded by color.

3.2.3.4

Hejazi et al. (2020)

All the catalogs above include very few late-type M stars, which are critical to our calibration
of the color-magnitude-metallicity relationship at the low-mass end. For that purpose, we
cross-match with a recent spectroscopic catalog of nearby, high-proper-motion M dwarfs
and subdwarfs (Hejazi et al. 2020). The catalog contains metallicities ([M/H]) obtained
from low-and-mid resolution (2, 000 ≤ R ≤ 4, 000) optical spectroscopic observation. After
cross-matching the positions on the sky, we exclude the stars with large uncertainties in
[M/H], which leaves 162 stars. The third panel in the bottom row of Figure 3.3 shows the
distribution of stars in the CMD with their metallicity color-coded.

57

3.2.3.5

SDSS M dwarf Catalog

Due to the relative paucity of low-mass stars in our calibration subset, we add information for
an additional 3, 020 M dwarfs/subdwarfs identified in the SDSS spectroscopic archive. While
these stars do not have formal metallicity measurements, we can extract crude metallicity
estimates from their spectral subtype. We obtain spectral types by classifying the stars
against classification templates using the method described in Zhong et al. (2015). We use
the classification of the stars as dwarf (dM), subdwarf (sdM), extreme-subdwarf(esdM), and
ultra-subdwarf(usdM), and assigned uniformly distributed random values in between the
metallicity ranges for each stellar subtypes, defined from the calibrated relationship between
molecular indices, ζTiO/CaH , and metallicities (Woolf, Lépine, & Wallerstein 2009). The
metallicity ranges for each subtype are provided in Table 3.2. We show the distribution of
these stars in the CMD in the bottom-right panel in Figure 3.3.

3.3

Photometric Metallicity Estimates for the Halo Candidates

The left panel in Figure 3.4 shows the full set of 20, 047 stars in the collective dataset with
stellar metallicities in the range of −3.0 ≤ [Fe/H] < 0.0. Although only 3.6% of stars from
our full catalog of halo candidates have spectroscopic metallicities, their distribution spans
a wide range of metallicity values along the entire main-sequence, and notably shows a clear
metallicity trend which suggests a linear relationship between metallicity and G − GRP
color at a given absolute magnitude. Using this distribution we create a calibration grid
from which to estimate metallicities for all the stars in our catalog of halo candidates. We
describe the multi-step procedure in detail below.

3.3.1

Duplicates and Removal of Unresolved Binaries

Stars shown in the left panel in Figure 3.4 include 856 stars that have been observed multiple
times by two or three different spectroscopic surveys. For those stars, we calculate weighted
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Figure 3.4: CMDs for all stars (20, 047 stars; left) in the collective calibration dataset and
for a “cleaned” subset (17, 170 stars; right) obtained after removing duplicates and contaminants. We assign weighted averages to spectroscopic metallicities of 856 stars that have been
observed multiple surveys (duplicates), then remove stars most likely to be unresolved pairs
and WD+M binaries, using the procedure described in § 3.3.1. Most turn-off stars end up
being eliminated as well from the binary removal procedure.
means and assign them as their spectroscopic metallicities. While calculating the weighted
means, we exclude values from the SDSS M dwarf catalog as those values are not actual
spectroscopic metallicity measurement.
We also remove stars that appear to be unresolved binary systems; these stars are bad
calibrators for the color-luminosity-metallicity grid since their composite colors and luminosities are not a reliable indicator of metal content. To remove binaries, we firstly group
the calibrators in 13 different metallicity bins; the first and last groups include all stars in
the metallicity range of [Fe/H] < −2.4 and −0.2 ≤ [Fe/H], respectively. Other groups are
composed of stars in the range of −2.4 ≤ [Fe/H] < −0.2 in 0.2 dex increments. For each
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group, we iteratively fit a fourth-degree polynomial to the stellar distribution in the CMD,
and for each star we calculate the absolute G magnitude difference (∆MG ) from the fit. For
each of the first three iterations, an outlier is removed if its ∆MG is more than 5σ away from
the mean of the overall ∆MG distribution. For the last two iterations, we add an additional
condition that removes any overluminous star with ∆MG ≥ 0.7.
The right panel in Figure 3.4 shows the final distribution of the cleaned collective dataset
(17, 170 stars) in the CMD. The few WD+M pairs below the main sequence and most of
unresolved binaries are expected to have been eliminated from the subset. The cleaning
process yields a much smoother distribution of metallicity values, and also eliminates most
of the evolved stars with MG < 3.0 (which are also technically over-luminous).
3.3.2

Metallicity Estimates Using K-Nearest Neighbor Regressor

To verify that our calibration set spans the full range of the color-magnitude distribution of
our full catalog of halo candidates, and to identify other possible shortcomings, we obtain
crude metallicity values from the Python package, Scikit-learn (Pedregosa et al. 2011),
which performs a K-Nearest Neighbor (KNN) Regressor fit (sklearn.neighbors.KNeighbors
Regressor) with a neighbor distance of k = 20 and ‘distance’ weights. Figure 3.5 shows a
CMD for all halo candidates with their metallicity estimates from the KNN regressor in the
metallicity range of −3.0 ≤ [Fe/H]KNN ≤ 0.0.
The overall metallicity distribution appears to follow the trends of the clean collective
calibration dataset, however, there are few artificial features that come in sight. One would
normally expect that the mean metallicity of the stars should be similar up and down the
main-sequence, however stars with 0.75 ≤ G − GRP ≤ 0.85 and 8.5 ≤ MG ≤ 10.0 appear to
have their metallicity underestimated by the model, probably because the sources from the
collective dataset in that area are mostly stars flagged to be very metal-poor by the SDSS
SEGUE. In addition, there is a metallicity disconnect in the lower main sequence where
early M subdwarfs are located (0.85 ≤ G − GRP ≤ 0.95, 9.5 ≤ MG ≤ 11.0) where most
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Figure 3.5: A CMD of all halo candidates with their photometric metallicity estimated
from the KNN regressor. This provides a crude representation of the color-magnitudemetallicity relationship for these low mass stars, but irregularities in the estimated metallicity
distribution suggests random and systematic errors in the KNN calibrators, and possible
effects due to unresolved binaries.
stars are flagged by the KNN regressor as being more metal-rich than stars found elsewhere
on the main-sequence. We believe that this model overestimates metallicities for stars in
that area in part due to the lack of metal-poor stars in the area of the collective dataset
(see Figure 3.5). However, it also appears likely, based on the shift in the mean metallicity
along the main-sequence, that the spectrosopic metallicity estimates are themselves affected
by significant systmatic errors, which tend to register early M dwarfs as more metal-poor
than what they really are, and late-M dwarf as more metal-rich. There are also many small
patches, mainly found in the A, F, G, and K dwarfs ranges, which shows smoothing issues
even though we selected 20 neighbors to estimate the metallicity values. One possible reason
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Figure 3.6: Left: histogram of spectroscopic metallicities for the 17, 170 stars in the collective
dataset. Right: histogram of metallicity estimates from the KNN regressor fit for halo
candidates. The overall shape of both histograms appears similar. A bimodal peak in both
distributions reflects the true signature of the dual populations of the halo.
for this is the incomplete elimination of unresolved binaries, which might still contaminate
the calibration sample.
A recent study on the metallicity distribution of high-tangential-velocity stars (Gaia
Collaboration et al. 2018a) reported that their metallicity distribution shows double peaks,
with peak metallicities of −1.3 and −0.5 dex, and suggest that each peak corresponds to the
mean metallicity of the halo and thick disk population, respectively. Gaia Collaboration et
al. (2021) supports this idea by the fact that a PARSEC isochrone with metallicity of −0.5
dex and age of 11 Gyr aligns with the gap between the double sequences, even though the
isochrone has to be shifted by 0.04 in GBP − GRP color and 0.2 in G magnitude.
Histograms of spectroscopic metallicity estimates and the metallicity estimates from the
KNN regressor also support the dual peaks of the high-tangential-velocity stars, but with
slightly different peak metallicity values. A left panel in Figure 3.6 shows the histogram
of spectroscopic metallicities for the 17, 170 stars in the collective dataset. It shows two
major peaks at −0.75, and −1.40 dex. The narrow peak at −1.0 dex is an artifact from the
LAMOST DR6 LRS M dwarf catalog, which appears to have many stars with metallicity
values arbitrarily set to −1.0. The other two peaks are, however, more likely the true
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signature of the assumed dual populations of the halo. The right panel in Figure 3.6 shows
the histogram of metallicity estimates from the KNN regressor, whose overall shape appears
to be similar to that in the left panel. There is a narrow peak at −0.2 dex which is likely an
artifact. It appears that the two metal-poor peaks in both panels have similar values, both
consistent with the hypothesized dual populations, however, the value of the more metalrich peak in both panels ([Fe/H] ' −0.7), which is supposed to represent the thick-disk
population, seem to be more metal-poor than the reported value from other studies. This
may suggest that our reduced proper motion selection is more efficient in eliminating the
more metal-rich stars of the thick disk population. The many artifacts found in Figure 3.5
however suggest that one should be cautious, and a more careful calibration method should
be used.

3.3.3

Metallicity Estimates from a Calibrated Photometric Metallicity Grid

Although the overall shape of the distribution of metallicity estimates from the KNN regressor generally follows the results from the large spectroscopic surveys and could provide a
crude estimate of a star’s metallicity, estimates of a number of stars (especially M dwarfs)
appear to be under-/over-estimated by the regressor. To improve our metallicity estimates,
henceforth, we define a photometric metallicity grid in the space of G − GRP color and MG ,
whose shape we define using stars in the collective dataset.

3.3.3.1

Building the Photometric Metallicity grid

We grouped 17, 170 stars in the collective dataset in bins of absolute magnitude in the
range of 3.25 ≤ MG < 11.0 in 0.3 mag increments, in the range of 11.0 ≤ MG < 12.0
in 0.5 mag increments, and in the range of 12.0 ≤ MG < 14.0 in 1.0 mag increments.
The increasing size of the magnitude increments at fainter absolute magnitude ensures that
significant number of stars are found in every bin. As shown in Figure 3.7, we fit linear
relationships between G − GRP colors and metallicities for stars in each magnitude bin, and
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Figure 3.7: Linear fits to stars in each bin of absolute magnitude MG in the parameter space
of spectroscopic metallicity [Fe/H] and G − GRP color. Gray dashed lines are the initial
linear fits to data and red solid lines are the final fits to black points that have selected after
cleaning the outliers (gray points). Red points are the initial grid points of G − GRP colors
as given [Fe/H] values in each MG bin (see Figure 3.8).
then apply the fitted relationships to evaluate the G − GRP colors corresponding to 12 fixed
metallicity values, ranging from −3.0 to 0.3 dex, in 0.3 dex increments. Considering that
the spectroscopic metallicity of stars in the collective datasets range between −3.0 and 0.0
dex, G − GRP values corresponding to [Fe/H] = 0.3 technically represents an extrapolation
of the fitted linear relationships. Due to significant scatter in the distribution (likely due in
part to measurement inaccuracies but also systematic errors from, e.g. unresolved binaries)
we obtain a stronger fit by iteratively excluding outliers. We go through six iterations of the
fit, excluding outliers with their differences from the fit higher than 5σ (for first three runs),
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Figure 3.8: CMD of stars in the collective calibration dataset with spectroscopic metallicities
represented on the color scale, and with the resulting photometric metallicity grid overlaid.
The grid lines have assigned [Fe/H] values that vary from -3.0 (left) to +0.3 (right), in 0.3
dex increments. Dash-dotted, dashed, and solid lines represent the grid lines with metallicity
values, [Fe/H] = 0.0, −1.2, and −3.0, respectively. A gray dotted line shows the extrapolated
grid with the metallicity of [Fe/H] = 0.3.
4σ (for next two runs), and 3σ (for the last run). The dashed lines in Figure 3.7 show the
initial fits to the data, rejected outliers are represented as gray dots, and the red linear lines
are the finalized fits to the retained data points that are shown as dark symbols.
We then generate the set of (G − GRP ) colors estimated from the linear fits for each predefined metallicity value, along with the median MG values for all the stars used in the fit
for each bin. For each set of (G − GRP , MG )[Fe/H] values, we fit a fourth-degree polynomial.
Each one of these polynomials defines one grid line, the combination of which defines a grid
with metallicities ranging from −3.0 to 0.3 dex, which is the photometric metallicity grid
shown in Figure 3.8 (black lines). To adjust the shape of the grid at the high-mass end,
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we assign arbitrary weights to absolute magnitudes of certain data points to improve the
regularity of the grid. Notably we set a lower weight (w = 0.01) for data points in the
absolute magnitude range MG ≤ 3.5, and a higher weight (w = 2.5) for data points in the
absolute magnitude range 3.9 < MG ≤ 6.0, with all other data points assigned a weight
w = 1.0. Figure 3.8 shows the 12 resulting calibrated grid lines. The dash-dotted, dashed,
and solid lines are grid lines with the most metal-rich ([Fe/H] = 0.0), the median metallicity
([Fe/H] = −1.2), and the most metal-poor ([Fe/H] = −3.0), respectively. A gray dotted line
shows the extra grid line extrapolated to the metallicity value, [Fe/H] = 0.3.
A metallicity estimate from the grid ([Fe/H]grid ) is obtained by interpolating the grid
with a given G − GRP color and MG . Metallicity estimates for stars outside the grid have
values set to −3.0 or 0.3 dex which are the lowest and highest metallicity limits of our grid.
Metallicity estimates for stars within the grid limits, on the other hand, are interpolated
from the grid, even though the grid line for [Fe/H] = 0.3 is linearly extrapolated from the
12 grid lines.

3.3.3.2

Vetting and Recalibration using Common-proper-motion Pairs

Our catalog of halo candidates happens to contain a significant number of common proper
motion pairs, most of which are likely to be wide binary systems. Wide binaries are assumed
to have formed in the same star-forming environment, and thus are expected to share the
same chemical composition. This allows us to use these pairs to validate the photometric
metallicity grid, as a kind of internal consistency check. We crossmatched our halo catalog
to the SUPERWIDE catalog (Hartman & Lépine 2020), and recovered 1, 246 wide binary
candidates with high Bayesian probabilities (> 95%) of being physical pairs. If we assume
[Fe/H]grid of pairs are precise, and there is no other unresolved companion in these systems, then the difference in estimated metallicity between the primary and secondary of the
common-proper-motion pair should be close to zero. Large metallicity differences between
some component stars may indicate the presence of unresolved companions, but systematic
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Figure 3.9: Scatter plots displaying the difference in the estimated photometric metallicity values from the grid between the primary and secondary star for 116 K+K (left) and
213 K+M (right) common-proper-motion pairs from the SUPERWIDE catalog, with high
Bayesian probability (≥ 95%) of being physical binaries. Red line are linear fits to stars
(black points) whose metallicity deficit is less than 2σ of the overall distribution after excluding outliers (gray points). Shaded regions at the top-right and bottom-left of the panels
represent the metallicity deficit limits set by our grid.
offsets, in particular for pairs of different masses, can reveal errors in the calibration of the
grid, notably fundamental problems due to systematic errors in the spectrosopic metallicity
estimates of the calibration stars. Effects of binarity should be best revealed by examining
pairs of stars of similar masses, for example K+K binaries, while more serious systematic
errors in the calibration of the grid should be best revealed by comparing pairs of stars of
different masses, like K+M binaries.
In the left panel of Figure 3.9, we plot differences in the photometric metallicity estimates
(∆[Fe/H] = [Fe/H]grid,Secondary − [Fe/H]grid,Primary ) between primaries and secondaries for 116
K+K pairs with metallicity estimates between −3.0 < [Fe/H]grid < 0.3, these are plotted
as a function of [Fe/H]grid of the primaries. Gray shaded regions represent ∆[Fe/H] limits
set by our metallicity grid. A red solid line shows the fit to 78 data points (in black),
which remain after 10 iterations to exclude 38 outliers with ∆[Fe/H] higher than 2σ of the
distribution; this is done to exclude outliers that may be, e.g., unresolved systems. Due to
the ∆[Fe/H] limits in both metal-rich and metal-poor ends, we only use data points with
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−2.5 < [Fe/H]grid < 0.0. The standard deviation, σ = 0.195, shown in the title is the
dispersion of the black points. The overall fit is mostly consistent with zero offset, as we
expected, even though the fit shows a weak negative relationship.
The fraction of outliers among the K+K pairs may suggest that 32% of halo wide binaries are multiple star systems (i.e., triples or quadruples). This large multiplicity fraction
may affect the shape and location of the grid in the CMD. If our calibrators contain many
overluminous, unresolved binaries, the grid that is defined by the calibrators could become
slightly redder and brighter. The large multiplicity fraction may also explain why there is a
large scatter and many outliers in the diagrams shown in figure 3.7. Above all else, therefore,
a careful selection for K+K binaries by excluding multiple star systems as many as possible
is required to create the better calibration fit for the grid.
The right panel in Figure 3.9 shows the same ∆[Fe/H]grid distribution, but for K+M
pairs. This time we notice not just a larger scatter in the distribution, but also a systematic
offset: a linear fit to the distribution of stars with −2.5 < [Fe/H]grid < 0.0 shows an average
offset of ∼ 0.33 dex, which strongly suggests that the metallicity of our M dwarf calibrators
are overestimated by about that much. This offset may be due to a different definition of
“metallicity” for K and M stars. Metallicity values for K stars may be more closely tied
to Fe abundances. While early-type dwarf spectra have major features that are mostly
ionized elemental lines, the major characteristics of M dwarf spectra are the presence of
strong absorption bands due to atomic and molecular bands, such as TiO, VO, and CaH,
and relatively weak Fe lines. This means that M dwarf metallicities are more closely related
to abundances of α-elements, and can thus overestimate Fe abundances if halo stars happen
to show high [α/Fe] ratios. Another possible problem is that many of the “spectroscopic”
metallicity values for our M dwarf calibrators are not derived from detailed spectral analysis
but from simple spectral subtypes (i.e. the SDSS M dwarf subset). In any case, what matters
is that the observed systematic offset indicates that the color-magnitude-metallicity grid is
not properly calibrated at this step, and some correction may be needed.
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Figure 3.10: Left: Same plot as Figure 3.8, showing the initial photometric metallicity grid.
Right: metallicity distribution and grid after a corrective offset is applied to the metallicity
values of the M dwarfs. Spectroscopic metallicities for stars with MG > 7.5 are corrected by
subtracting 0.5 dex to correct for the inconsistency in the metallicity values of K+M pairs,
as shown in the bottom panel in Figure 3.9. The offset brings the photometric metallicities
of K+M pairs in agreement, as shown in the bottom panel of Figure 3.11.

3.3.3.3

Grid Recalibration

We will assume that the spectroscopic metallicities of the FGK stars in our calibration sample
are accurate, and apply arbitrary corrections to the M dwarf metallicity values to make the
grid more self-consistent. After trial and error, we apply a systematic correction to all
calibration stars MG > 7.5 by subtracting 0.5 dex from their initial spectroscopic metallicity
values. We then redo all steps we discussed in §3.3.3.1 and derive a new metallicity grid.
The offset value of 0.5 dex is slightly larger than the offset we obtained from the fit, which
may appear to be an overcorrection, but one also needs to consider the fact that an M dwarf
bias in the calibration subset could also have dragged off other parts of the grid, especially
the nearby K dwarf regime.
Figure 3.10 shows the previous grid in the left panel and the revised calibrated grid
in the right panel. Black lines indicate the most metal-poor (solid line; [Fe/H] = −3.0),
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Table 3.3: Coefficients of the polynomials for the finalized photometric metallicity grid.
Metallicity
c0
c1
c2
c3
c4
(dex)
0.3∗
3.218 −1.666 0.3457 −0.02800
0.0008013
0.0
3.123 −1.618 0.3361 −0.02723
0.0007797
−0.3
3.028 −1.570 0.3264 −0.02646
0.0007581
−0.6
2.934 −1.522 0.3168 −0.02569
0.0007365
−0.9
2.839 −1.474 0.3071 −0.02492
0.0007149
−1.2
2.745 −1.426 0.2975 −0.02414
0.0006933
−1.5
2.650 −1.378 0.2878 −0.02337
0.0006717
−1.8
2.556 −1.330 0.2782 −0.02260
0.0006501
−2.1
2.461 −1.282 0.2686 −0.02183
0.0006285
−2.4
2.367 −1.234 0.2589 −0.02105
0.0006069
−2.7
2.272 −1.186 0.2493 −0.02028
0.0005853
−3.0
2.177 −1.139 0.2396 −0.01951
0.0005637
Polynomial equation: G − GRP = c0 + c1 (MG ) + c2 (MG )2 + c3 (MG )3 + c3 (MG )4
∗
Extrapolated metallicity grid
intermediate (dashed line; [Fe/H] = −1.2), and the most metal-rich (dash-dotted line; [Fe/H]
= 0.0) metallicities in our grid and dotted lines in between them represent metallicities in
range of −2.7 ≤ [Fe/H]grid ≤ 0.0. The gray dotted line is the extrapolated metallicity grid
for [Fe/H] = 0.3. The overall shape of the grid appears to be same, however, its coverage
of the low-mass ends has been improved, and it no longer looks like the lowest mass stars
in our subset are systematically more metal rich than the highest mass ones. Table 3.3 lists
the coefficients of each photometric metallicity grid line as a function of a given G − GRP
color and MG . Each grid line is fit with the polynomial equation:
G − GRP = c0 + c1 (MG ) + c2 (MG )2 + c3 (MG )3 + c3 (MG )4

(3.3)

As we demonstrated in §3.3.3.2, we compare metallicity estimates from the new grid of
K+K pairs and K+M pairs to check the internal consistency of metallicity estimates from the
grid. We use the same sample shown in Figure 3.9, but exclude stars with [Fe/H]grid = −3.0
or 0.3 dex, which removes two binary systems from K+M pairs initially featured in Figure 3.9.
Figure 3.11 again shows the ∆[Fe/H]grid distribution as a function of [Fe/H]grid,P , but now
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Figure 3.11: Same as Figure 3.9, but using the metallicity estimates from the revised grid,
after corrections to the spectroscopic metallicity estimates of the M dwarf calibrators. The
revised grid brings the photometric metrallicity values of the K+M pairs in agreement, which
shows that the grid is self-consistent.
displaying the results estimated from the revised grid. The red lines in both panels are the
linear fits to the data with −2.5 ≤ [Fe/H]grid ≤ 0.0. Compared to Figure 3.9, the dispersion
of K+M pairs is about to be the same, however the systematic offset (red line; ∼ 0.031 dex)
is brought down very close to zero.

3.3.3.4

Validation and Caveats of the Photometric Metallicity Grid

One way to verify the applicability of the photometric metallicity grid for our entire catalog
is to verify if the distribution of stars consistently aligns with the grid for bins of different
distances and Galactic latitudes. Since the local halo population is expected to be relatively
homogenous within our survey range (d < 2 kpc), subsets of stars should all consistently
align with the grid.
Figure 3.12 presents the grid overplotted on the entire distribution of halo candidates, for
five subgroups based on their Galactic latitudes. The grid aligns well with the distribution
of red, faint stars, in each one of the bins, which means the mean distribution of colors
is independent of Galactic latitude. This suggests that low-mass stars (MG ≥ 8) in the
catalog remain largely unaffected by reddening biases, and that their photometric metallicity
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Figure 3.12: CMDs of stars in our nearby halo catalog, grouped in bins of Galactic latitude.
The photometric metallicity grid lines with [Fe/H]grid = 0.0, −1.2, and −3.0 dex are shown in
gray dash-dotted, dashed, and solid lines. The color distribution of the late-type, low-mass
population (MG ≥ 8.0) appears to be similar, regardless of Galactic latitude. Early-type
stars in low Galactic latitude (|b| ≤ 30◦ ), on the other hand, show a noticeable drift to the
red which suggests reddening effects, and likely results in an overestimate of their [Fe/H]grid .
Low-mass stars are less susceptible to reddening errors because they are systematically closer,
which makes their photometric metallicities more reliable.
estimates are relatively reliable, regardless of position on the sky. This is not the same for
stars of higher mass (MG < 8). It is clear from Figure 3.12 that earlier-type stars are found
to be systematically redder than the grid at lower Galactic latitudes. While this could in
part be explained with a higher fraction of unresolved systems at low-galactic latitudes, the
most likely explanation is that these stars suffer from reddening effects, despite our earlier
attempts to correct for this (see §3.2.2). Considering this, [Fe/H]grid of early-type stars in
the low Galactic latitude may be overestimated.
Aside from this general color drift with Galactic latitude, we see that the early-type stars
in our sample, notably stars in the main-sequence turnoff (MG ∼ 3.5) do not extend to the
lowest metallicity grid line [Fe/H] ∼ −3.0, while later type stars do in significant numbers.
This suggests that the envelope of the most metal-poor objects is not defined in a consistent
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Figure 3.13: CMDs of stars grouped in accordance with distance. The grid lines with
[Fe/H]grid = 0.0, −1.2, and −3.0 dex are shown in gray dash-dotted, dashed, and solid lines.
Although we do not limit distance or magnitude in our sample, the volume of the catalog is
limited within 2kpc from the Sun due to the faint brightness of main-sequence stars. More
than half of stars in the catalog are late-type dwarfs (MG > 7.5) that are mostly found in a
volume of 500 pc.
way. In consequence, the bright end of the grid (MG < 5.5) seems to be systematically
shifted to blue by 0.014 in G − GRP , which likely causes that [Fe/H]grid are overestimated
by 0.3 dex compared with lower-mass objects.
Figure 3.13 shows the distribution of local halo stars, this time in bins of distance. This
is a good illustration of the dominance of low-mass stars in the halo population, as late-type
objects clearly dominate the bins with distances d < 500 pc. More than half of our halo
candidates are late-type dwarfs (MG > 7.5; 321, 879 stars), which are found within 1 kpc, as
can be seen in Figure 3.13. Most early-type dwarfs (MG ≤ 7.5; 229, 335 stars), on the other
hand, are found at larger distances, which expands the volume of our catalog to d ∼ 2 kpc.
Even so, the volume completeness of the catalog is limited to d ∼ 500 pc, considering the
main source of our catalog is mostly late-type dwarfs. Figure 3.13 also shows that our catalog
becomes magnitude-limited beyond d > 500 pc, and suffers from significant incompleteness
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Figure 3.14: Histograms of stars in the Solar neighborhood, grouped in bins of increasing
volume. Red histograms represent the number counts of metal-rich stars (the red sequence;
−1.2 < [Fe/H] < 0.3) and gray histograms show the counts of metal-poor stars (the blue
sequence; −3.0 < [Fe/H] ≤ −1.2), both as a function of absolute magnitude MG . Black
dashed and solid lines in each panel are the Gaussian fits to the histograms of stars within
300 pc from the Sun, but rescaled in the other two plots to match the amplitude.
at the low-mass end. The catalog is however statistically complete at least for stars with
MG < 12.0 to a distance d < 500 pc.
3.3.4

Luminosity Function for Stars in the Local Halo

If our catalog is statistically complete within 500 pc from the Sun, it is possible to generate
a luminosity function (LF) of the local halo by simply counting stars. As the observed LF
is biased by environmental factors, we took into account all systematics that may affect an
accurate count of the stars, securing a sufficient number of stars to conduct a statistical
study, completeness of a volume of the study, precise distances from Gaia parallaxes, extinction correction, identification of unresolved binaries in the CMD, and stellar metallicity
(Bochanski et al. 2010).
Figure 3.14 shows histograms of absolute magnitude MG for local halo in increasing
volumes for stars within 100 pc (left), 300 pc (center), and 500 pc (right), respectively. We
first removed evolved stars at the bright end of the main sequence based on this empirical cut:
(MG )evolved < 4.264(G − GRP ) + 2.188. We then divided all remaining stars into two groups,
selecting stars in the red, metal-rich sequence (red histogram, −1.2 < [Fe/H]grid < 0.3) and
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the blue, metal-poor sequence (gray histogram, −3.0 < [Fe/H]grid ≤ −1.2) in the CMD.
Outliers (such as some unresolved binaries or high-reddening stars) that are systematically
bluer/redder than the grid are excluded as we only select stars falling on the specified range
of the metallicity grid. Black dashed and solid lines in each panel are Gaussian fits to the
histograms of low-mass stars (MG > 7.5) within 300 pc from the Sun. These Gaussian
fits are rescaled for amplitude and plotted in the d < 100 pc and d < 500 pc distribution,
to help compare the three distributions. Table 3.4 presents star counts for stars in each
metallicity group. We assume that the distribution of absolute magnitude, MG , has a Poisson
distribution to estimate errors.
It is notably clear that low-mass stars are indeed dominant. Assuming we define “intermediatemass stars” as AFG dwarfs, defined to be stars with MG ≤ 7.5, and “low-mass stars” as KM
dwarfs, defined to be stars with MG > 7.5, then we can calculate NAFG as the total number
of intermediate-mass stars in each distribution, and NKM as the total number of low-mass
stars in each distribution. The number ratios of low-mass stars NKM /Ntot in both populations are more than 86% (see Table 3.4). The metal-rich population, however, appears to
have a higher number ratio compared to the metal-poor population, ∼ 92% for metal-rich
stars to ∼ 88% for metal poor stars. One caveat is that some unresolved binaries in the blue
(metal-poor) sequence may be shifted into the red (metal-rich) sequence due to those stars
being overluminous at a given color, and this could bias the ratios depending on what the
multiplicity fraction is. By comparison, the general statistics for field (Galactic disk) stars in
the Solar neighborhood shows that the fraction ratio of low-mass stars is only about 80%5 ,
each group still contains about 7% to 12% of unresolved binaries as contaminants.
Interestingly, the Gaussian fits (black dashed and solid lines in Figure 3.14) for stars
within 300 pc are well aligned with the distributions of stars within 100 pc, which indicates
5

This value is empirically obtained from the full Gaia EDR3 subset of nearby stars within 100 pc from
the Sun. We applied simple selection criteria to select “clean” sample, which is: σπ /π < 0.10, flux errors
in BP/RP filters better than 10%, and RUWE < 1.4. After removing red giants, white dwarfs, and the
overluminous stars above the main sequence, we obtained ∼ 81% as the ratio of the low-mass stars to total
number of main-sequence stars within 100 pc from the Sun.
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that there is no luminosity bias at least to a distance range d ∼ 300 pc. The faint-end of the
Gaussian fits for stars in both metallicity groups, however, becomes slightly depleted in the
d ∼ 500 pc volume. The overall low-mass star ratio also decreases as the volume expands
(see Table 3.4). These observations indicate that survey incompleteness starts presenting
around 500 pc.
Each metallicity group shows a slightly different bimodal distribution with peak absolute
magnitudes of MG ∼ 5.0 and MG ∼ 10.5 for the metal-rich stars and MG ∼ 7 and MG ∼ 10
for the metal-poor stars. The difference between the bright magnitude peaks can be explained
by the fact that intermediate-mass (AFG) stars in the halo may have formed and evolved
earlier than those in the thick disk did. If most intermediate-mass stars are now in the form
of evolved giants or white dwarfs, the distribution of the remaining main-sequence objects
will show a deficit at the intermediate-mass end. Intermediate-mass stars in the metal-rich
group, on the other hand, has a peak absolute magnitude at MG ∼ 5, which is a close fit to
the Sun’s absolute magnitude in Gaia G band (MG, = 4.68 mag; Andrae et al. 2018), and
suggests that Sun-like stars remain largely unevolved in that group.
The difference in the low-luminosity peaks is most likely caused by metallicity effects, due
to the fact that the mass-luminosity relation (MLR) varies with metallicity. A metal-poor
object is shown to be more luminous and bluer compared to its solar-metallicity counterpart
with the same mass (Sandage & Eggen 1959; Bochanski et al. 2010). It is thus possible that
the mass function peaks at the same value for both groups, but the luminosity function peaks
at different values because the mass-luminosity relationship is different for the metal-rich and
metal-poor groups.
The other noticeable difference between the two groups is the number counts for the lowmass stars (see Table 3.4); The number ratios of the low-mass stars in the metal-poor group
to those in the metal-rich group (NKM,MP /NKM,MR ) is 0.72±0.044 (d < 100 pc), 0.58±0.0065
(d < 300 pc), and 0.59 ± 0.0034 (d < 500 pc), respectively. This may be interpreted as the
signature of a more top-heavy initial mass function (IMF) in the star-forming period in
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Table 3.4: Star Counts for stars in the Local Halo.

Counts for AFG Dwarfs
(NAFG )
Counts for KM Dwarfs
(NKM )
NKM /Ntot

d
(pc)
100
300
500
100
300
500
100
300
500

Metal-rich (MR)
Metal-poor (MP)
(−1.2 < [Fe/H]grid < 0.3) (−3.0 < [Fe/H]grid ≤ −1.2)
56 ± 7
68 ± 8
1,994 ± 45
1,684 ± 41
10,288 ± 101
7,393 ± 86
657 ± 26
475 ± 22
21,477 ± 147
12,357 ± 111
81,562 ± 286
48,071 ± 219
0.921 ± 0.0360
0.875 ± 0.0401
0.915 ± 0.00624
0.880 ± 0.00792
0.888 ± 0.00311
0.867 ± 0.00395

the early Universe. A top-heavy IMF is an initial mass distribution that contains more
massive stars than the canonical mass function (i.e. Kroupa 2001). The idea of a top-heavy
IMF in the early Universe originates in the cooling behavior of the gas that depends on
its metal components. As cooling in low-metallicity environments is less efficient, the early
star-forming environment, where the metal components were much fewer than present, is
most likely to have favored massive and intermediate mass stars over low-mass stars (Marks
et al. 2012). If the local halo population has this top-heavy IMF in the early Universe and if
the most massive stars have evolved off to become giants and white dwarfs, it is explicable
why the present-day luminosity function has the form seen in Figure 3.14.
From the observed luminosity function, it would technically be possible to estimate an
IMF of the local halo only if we knew the MLR for main-sequence stars in the halo. Since
the IMF is the number distribution of masses of stars that have been just born, knowing the
IMF translates into how many stars formed in a given mass interval in the birth environment
(Kroupa, Tout, & Gilmore 1993; Covey et al. 2008). The MLR at the low-mass end remains
difficult to calibrate because of the difficulty in observing a sufficient number of low-mass
dwarfs in binary systems, for which the individual masses of the stars can be independently
derived (Henry et al. 1999; Bochanski et al. 2010; Benedict et al. 2016). The situation is
especially dire for metal-poor stars, to the rarity of know low-mass binary systems in the halo
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population. To calibrate the MLR at the low-mass end for thick disk and halo stars would
require identifying and monitoring a significant number of low-mass eclipsing systems from
these metal-poor population. Jao et al. (2016) made a start on building an empirical MLR for
the low-mass, metal-poor stars using 10 subdwarfs in five double-line spectroscopic binaries.
They demonstrated several challenges that they had to face while building the MLR, and
one of the reason was the rarity of metal-poor calibrators in the Solar neighborhood. Today,
the fastest way to search for these MLR calibrators (i.e. eclipsing binaries) would be to
search for them among light curves of halo stars that might have been observed by the
TESS/Kepler missions. We propose to do this in a complementary survey (see Chapter 5 of
this dissertation).

3.3.5

Comparison with the PARSEC Isochrones

We present a distribution of all halo candidates in the CMD in the top panel in Figure 3.15.
Gray lines in the CMD are the grid lines with [Fe/H]grid from −3.0 to 0.3 in 0.3 dex increments. As recent studies reported (Gaia Collaboration et al. 2018a, 2021), our sample shows
dual main sequences in the CMD. The upper and lower main sequences are aligned with the
grid lines with [Fe/H]grid = −0.7 and −1.7. As we described in § 3.3.3.4, we do recognize
that the overall grid is shifted to blue by G − GRP = 0.014 in the range of MG < 5.5,
which causes misalignment of the grid to actual distribution of stars. The bottom panel in
Figure 3.15 shows a histogram of [Fe/H]grid for stars in high Galactic latitude (|b| > 50◦ )
with metallicites of −3.0 < [Fe/H]grid < 0.3. We remove main sequence turn-off stars using
the empirical color-magnitude cut: MG > 4.264 × G − GRP + 2.188. The distribution of
the grid metallicity estimates reflects the dual main sequence with peak metallicity values
of [Fe/H]grid = −0.7 and −1.7.
A grid line with [Fe/H]grid = −1.2, shown in a dashed line, matches the gap between
the upper and lower main sequences. The grid line also matches the gap between the dual
peaks in the histogram shown in the bottom panel in Figure 3.15. Considering the result
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Figure 3.15: Top: CMD of all halo candidates in the catalog, with the empirical photometric
metallicity grid overplotted (gray lines). The very sparse objects found at the lower-left of the
main-sequence are most likely to be WD+M pairs, which may belong to the Galactic disk,
not the halo. The yellow and blue lines represent the PARSEC theoretical model isochrones
(Bressan et al. 2012) with [Fe/H] = −0.5 and −1.2 and ages of 10, 11, and 12 Gyr from the
left to right. Bottom: histogram of [Fe/H]grid of halo dwarf candidates in the high Galactic
latitude (|b| > 50◦ ). The distribution shows bimodality consistent with two populations with
[Fe/H]grid ' −0.7 and −1.7, which reflects the dual main sequences shown in the top panel.
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reported from (Gaia Collaboration et al. 2021), our value is significantly lower than their
parameters for the PARSEC isochrone with [Fe/H] = −0.5 and age of 11 Gyr, although it may
not be appropriate to directly compare their result to ours as we do not have age information
for our stars. To compare the PARSEC isochhrones to our grid, we plot the isochrones with
[Fe/H] = −0.5 (yellow lines) and −1.2 (blue lines) in the CMD. To see the age effect, we
plot three isochrones with the same metallicity, but different ages of 10, 11, and 12 Gyr from
left to right. Our calibrated grid line with [Fe/H]grid = −1.2 is most similar to the isochrone
with [Fe/H] = −0.5 and age of 11 Gyr. Our grid is an empirical fit to the data based on
available spectroscopic metallicity estimates; it remains unclear why our grid value is 0.7 dex
less than the estimate from the model isochrones, but this points to at least inconsistencies
between the predicted colors from evolutionary models and spectrosopic metallicities derived
from stars of the same color and absolute magnitude.

3.4

A catalog of main-sequence stars in the local Galactic halo from the Gaia
EDR3

We present a final catalog of 551, 214 local halo main-sequence stars from the Gaia EDR3.
Our catalog provides basic information from Gaia EDR3, including source id, position (R.A.,
Dec.), kinematic parameters (parallax, proper motion in R.A. and Dec.) and their uncertainties, photometric magnitudes and colors (G and G − GRP color), and and the adopted
extinction value (AV ) based on an application of the 3D reddening map of Green et al. (2019).
Finally, the catalog lists our photometric metallicity estimates from both the KNN regressor
and from the calibrated color-magnitude-metallicity grid. Table 3.4 presents description of
columns in the catalog and Table 3.6 displays a portion of the catalog with 10 sample stars.
The full catalog is provided electronically in a machine-readable format.
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Table 3.5: Columns in the Catalog
Header
Description
source id
Gaia EDR3 unique source identifier
R.A.
Right ascension in J2016.0 (deg)
Dec.
Declination in J2016.0 (deg)
π
Gaia EDR3 parallax (mas)
σπ
Gaia EDR3 standard error of parallax (mas)
µα
Gaia proper motion in right ascension direction (mas yr−1 )
µδ
Gaia proper motion in declination direction (mas yr−1 )
G
Gaia G-band mean magnitude (mag)
G − GRP
Gaia G - RP color (mag)
E(G − GRP ) G − GRP color excess
AG
Gaia G-band extinction (mag)
[Fe/H]KNN
Metallicity estimate from the KNN regressor (dex)
[Fe/H]grid
Metallicity estimate from the photometric metallicity grid (dex)

Table 3.6: The Catalog of the Halo Candidates in Gaia EDR3
source id
4489782790598521344
4490275509244724608
4489082161172907136
4490338005313126912
4489611640444691968
4488862155769809536
4490471492895500544
6255613166476392320
6252911052232066688
6256890008712715520
...
∗

R.A.
Dec.
π
(deg)
(deg)
(mas)
268.10093 11.066672 5.2962
262.78433 8.3478274 5.8721
265.86335 9.2758875 4.0087
262.41825 8.5301606 2.4762
267.01876 10.210906 3.4534
268.83964 10.024653 5.6977
260.42788 8.4753347 3.3793
227.78030 −21.167114 2.7782
231.01264 −20.714646 2.6004
226.89827 −19.280277 2.8704
...
...
...

σπ
µα
µδ
(mas) (mas yr−1 ) (mas yr−1 )
0.0926 −70.637
−226.94
0.0609 −157.28
−116.45
0.0949 −11.188
−109.42
0.153
−47.539
−49.179
0.142
−78.226
−68.369
0.0358 −79.302
−229.72
0.156
−46.741
−74.090
0.148
−59.113
−29.145
0.0180 −112.19
8.5257
0.182
−7.5345
−81.105
...
...
...

A full machine-readable catalog is available with the online version.
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G
(mag)
17.316
16.624
17.443
18.316
17.959
15.453
18.245
18.180
12.358
18.361
...

G − GRP
(mag)
1.1457
1.1245
1.1839
1.1403
1.1644
1.0652
1.2143
1.1304
0.56435
1.1639
...

E(G − GRP )
0.0000
0.0000
0.0905
0.0669
0.0730
0.0000
0.0974
0.0730
0.0852
0.0548
...

AG
[Fe/H]KNN
(mag)
(dex)
0.0000
−0.218
0.0000 −0.0908
0.3712
−0.149
0.2744
−0.188
0.2994
−0.178
0.0000
−0.168
0.3992
−0.205
0.2994
−0.231
0.3493
−0.583
0.2245
−0.179
...
...

[Fe/H]grid
(dex)
0.0144
−0.0104
0.0741
−0.198
−0.179
0.0902
0.125
−0.435
−0.486
−0.0553
...

3.4.1

Confirmation of Halo Kinematics

The halo population is kinematically distinctive from the disk population, most notably
displaying a very large “asymmetric drift” relative to the local standard of rest. We verify
the halo status of the stars in our catalog by checking the global kinematics of the stars
on our catalog. Conducting kinematic analysis normally requires radial velocities to obtain
their full (3D) spatial motions and constrain their Galactic orbit. However, a large majority
of stars in our catalog do not currently have radial velocity measurements and may not be
available in the future Gaia data sets due to their faint brightness (Sartoretti et al. 2018).
Hence, we use an indirect approach to have a glimpse of their global kinematics by using
tangential velocities of stars in selective parts of the sky.
We follow the procedure described in §2.2 in Kim et al. (2020), which demonstrates how
to use tangential velocities of stars in selected areas as projected U V W velocities by rotating
their Galactic coordinates. Since this method can provide its best result only if we apply it
to stars in selective patches of the sky, we first select stars in the patches near both Galactic
poles (|b| > 70◦ ; 36, 801 stars) and near the Galactic center ((l, b) = (0◦ , 0◦ ); 11, 400 stars)
and anticenter ((l, b) = (180◦ , 0◦ ); 7, 026 stars) with a search radius of 20◦ . Tangential
velocities of stars near the Galactic poles are parallel to Galactic U and V velocity vectors
when applying the rotation vector to tilt their position and proper motion vectors by 90◦
from the Galactic coordinate system. Tangential velocities of stars near Galactic center and
anticenter, on the other hand, can be directly projected to the Galactic V and W velocity
except folding signs of vt,l of stars in 90◦ ≤ l < 270◦ to align them with stars in other patches.
We should mention that our result has not been corrected by the Sun’s motion with respect
to the Galactic center (Sgr A∗ ) and the motion of the local standard of rest.
Figure 3.16 shows the distribution of stars in Galactic U V W velocity space, with their
photometric metallicities represented by the color-scale of the data points. The left panel
shows stars in the patches near both Galactic poles in Uk and Vk velocity space, and the
right panel shows all stars in the patches near Galactic center and anticenter in Vk and Wk
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Figure 3.16: Distribution of stars in our catalog with color-coded [Fe/H]grid values in the
projected Galactic (U, V, W ) spatial velocity space. A yellow star represents the Sun. Gray
shaded area displays kinematic limits of the disk population (V < 200 km s−1 ). Although
these are not drawn by the actual U V W velocities, a well-known stellar stream in the local
halo, i.e. Gaia-Enceladus stream, is prominently shown in the U V space (left), which seems
to be dominant by the metal-poor population in our catalog.
space. A star-shaped point represents the Sun’s motion in each plane of projection. Shaded
area shows the assumed kinematic limit of the disk population (V < 200 km s−1 ). More
than 64% of stars (23, 666 stars) in the first group and 54% of stars (10, 038 stars) in the
second group are found outside the shaded area, which unambiguously places them with the
local halo population. Stars inside this limit could technically represent the kinematic tail
of the old disk or thick disk population.
The distribution of stars clearly shows the large asymmetric drift expected of the local
halo, and the most metal-poor objects notably show a distribution consistent with a mean
motion (U, V, W ) = (0, 0, 0) in the Galactocentric frame, consistent with zero net angular
momentum. The U V distribution shows a clear metallicity gradient, with stars in the “disk”
region appearing to be significantly more metal-rich, while stars unambiguously in the halo
looking more metal-poor. This supports the fact that the halo population is chemically more
pristine than the disk population. The metallicity gradient is less evident in the V W plane.
However, the more metal poor stars do show a more spherical distribution and higher overall
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dispersion. The most prominent feature in the U V plane is the elongated shape around
Vk ≈ 0 km s−1 , which is the Gaia-Enceladus stream (Belokurov et al. 2018; Myeong et al.
2018a,b; Haywood et al. 2018). Most of stars in the stream appear in darker color, which also
indicates that they are relatively more metal-poor than the disk population that is located
inside the shaded area. In the right panel, there is also a clump of metal-poor stars with
130 < Vk < 190 km s−1 and −200 < Wk < 310 km s−1 , which may be kinematic members of
the Helmi stream (Helmi et al. 1999; Koppelman, Helmi, & Veljanoski 2018; Koppelman et
al. 2019).
We will examine these kinematic features in more detail in a future paper, and only point
them out qualitatively for now. The main takeaway for now is that our selection does recover
much of the kinematic features expected of local halo stars. We also emphasize that the vast
majority of our stars are low-mass K and M dwarfs, which means we are recovering the bulk
of the local stellar halo.

3.4.2

Comparison to Koppelman & Helmi (2021)

Since Gaia published their data for the first time in 2016, a number of studies based on
Gaia have reported very exciting, new results on the kinematic makeup of the Galaxy. For
example, Koppelman & Helmi (2021, hereafter KH21) have presented a catalog of halo mainsequence stars in Gaia DR2 selected using an RPM diagram as we did in the present study.
Since we share some similarity to their selection methods, we here compare our result to
KH21.
KH21 identified a much larger set of 11, 711, 399 stars as halo main-sequence stars using
the RPM diagram. To identify the halo stars, they made a fit as a function of G − GRP
color and MG to stars with precise parallaxes (σπ /π < 0.02) and large tangential motions
(vt > 300 km s −1 ) in the lower main sequence in the CMD, which was performed to minimize
the contribution from the upper main sequence of stars with high-tangential-velocities. This
fit was converted to a relationship between G − GRP color and tangential velocity so that
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they could use it to identify halo main-sequence stars in the range 200 km s−1 < vt < 800 km
s−1 in the RPM diagram. They obtained photometric distances of main-sequence stars from
a color-luminosity relationship, because only ∼ 10% of stars in the Gaia DR2 have most
precise Gaia parallaxes (σπ /π < 0.2) whereas having precise distances to distant stars is
critical when analyzing the kinematics of the Galaxy. Within their sample, 7, 117, 555 stars
have reliable photometric distances in the range 0.45 < G − GRP < 0.175, which excludes
main-sequence turn-off stars and low-mass stars. Assuming the radial velocities of stars to
be zero, as radial velocity information is insufficient, they provided a kinematic analysis
of these halo stars and found ∼ 83% of the stars are located near the vicinity of the Sun
(R < 8.2 kpc). Their result recovered the local halo structures, such as the Gaia-Enceladus,
the Helmi streams, and some other substructures including Sequoia and Thamnos.
The most significant difference between our catalog and KH21 is the volume surveyed
by the selection, which explains the difference in numbers. With our focus on the local halo
populations, we selected from the subset of Gaia high-proper-motion (µ > 40 mas yr−1 ) stars
with the parallax quality cut (σπ /π < 0.15). Since this tends to select for relatively nearby
sources, it is not surprising that the number of stars in KH21 is about 21 times greater than
the number of stars in our catalog.
However, KH21 ended up excluding stars on the red sequence in the CMD; our own
more flexible selection has retained these redder objects, which happen to be less metalpoor. This difference is clear in the comparison between the RPM diagrams and CMDs of
stars in each of the catalogs. We crossmatched our catalog to KH21 and recovered 205, 665
stars in common between both catalogs. Figure 3.17 shows the RPM (top panels) and colormagnitude (bottom panels) diagrams of stars in our catalog that are also listed in KH21
(left panels; yellow points) and stars in our catalog not listed in KH21 (right panels; blue
points). Gray points are all stars in our catalog, shown for reference. The RPM diagram
clearly shows the effects of the tight selection in KH21 which overlooks half the stars we
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Figure 3.17: Top panels: RPM diagrams of 205, 655 stars found in KH21 (left; yellow points)
and 345, 559 stars not found in KH21 (right; blue points). Gray points are all stars in our
catalog. Stellar density anomaly around the edge of the distribution is caused by our selection
cuts in different spatial areas. Stars not found in KH21 still shows the double sequences in
the RPM diagrams, which indicates the mixture of the low-velocity halo stars in the thick
disk population. Bottom panels: CMDs of stars found in KH21 (left) and stars not found in
KH21 (right). Distribution of stars found in KH21 is clearly distinguished from the upper
main sequence, where most of redder, metal-rich thick disk (compared to the halo population)
stars dwell.
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selected. The consequences are quite apparent in the CMD, where much of the redder, less
metal-poor stars (i.e. the red sequence) end up being excluded.
The main issue is that the KH21 cut does not follow the color-magnitude relationship
of the local halo stars, and thus introduces a metallicity bias which is much stronger for
low-mass stars; the result is that while KH21 includes a large fraction of the high-mass
stars in our catalog, most low-mass stars are not present in KH21, i.e. the local halo subset
from KH21 is essentially “top-heavy”, and overlooks much of the lower-mass halo stars. It
therefore appears that the RPM diagram selections are not entirely reliable for fully isolating
halo late-type dwarfs from the thick disk population. While a strict cut may eliminate much
of the disk stars, this may also end up eliminating many halo stars, especially among the
less metal-poor stars of the halo. For example, among the lower-mass stars with MG > 7.5
that were excluded in KH21, about 20% are stars that we identify to be metal poor objects
([Fe/H] < −1.2) that we believe are most likely genuine halo members (see the bottom-right
panel in Figure 3.17). Another way to see this is in the RPM distribution of stars not
found in KH21 (top-right panel in Figure 3.17), which clearly includes low-mass stars from
the metal-poor sequence. The conclusion is that limiting the selection to very nearby stars
makes it possible to better tailor the selection in the RPM diagram and minimize metallicity
biases.

3.5

Summary and Conclusions

In this work, we have collected high-proper-motion stars with precise astrometric and photometric measurements in Gaia EDR3 in order to identify the local halo population out to
2 kpc. To identify the halo population, we use the RPM diagram, which is a tool to classify
the local stellar populations only using given colors and proper motions. Since our selection
is not dependent on distance, a reddening correction is essential to accurately identify the
population. We adapt the 3D reddening map from Green et al. (2019) and correct G magnitudes and G − GRP colors of stars in b > −30◦ . The selection cut in the RPM diagram
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is set by the distribution of stars with high-tangential-velocities (vt > 200 km s−1 ). As the
reddening map does not include the information on stars in southern hemisphere, the selection boundaries for the identification of halo stars from the RPM diagram are differently set
up by six areas on the sky (see Figure 3.1).
Stellar metallicity is one of fundamental parameters that hold information on the formation and evolutionary history of a star and its surrounding environment. Thanks to
large spectroscopic surveys, we are able to collect 20, 047 stars with spectroscopic metallicity
measurements from the SDSS, LAMOST, GALAH, and Hejazi et al. (2020). We obtain
metallicity estimates for our sample using the KNN regressor fitting, based upon the distribution of stars in the collective dataset as a training set. However, the estimates for low-mass
dwarfs from the KNN regressor are overestimated due to the lack of data points in the training set. To overcome this problem, we built the photometric metallicity grid on the basis of
the distribution of stars in the collective dataset. To check its credibility, we collected 322
K+K and K+M wide binaries from Hartman & Lépine (2020) and compared the metallicity
estimates from the grid of primaries and secondaries. We applied a constant value (0.5 dex)
to spectroscopic metallicities of late-type dwarfs in order to remove the systematic offset
that we found between metallicity estimates of K+M pairs from the initial grid.
Our catalog contains 551, 214 main-sequence stars in d < 2 kpc, including 321, 879
late-type dwarfs (MG > 7.5). It is clear to see the dual main-sequence features in the
CMD as same as the distribution of stars with high-tangential-velocity. Our grid line with
[Fe/H]grid = −1.2 matches the gap between the upper and lower main sequence, however,
this value is significantly lower than the result reported in Gaia Collaboration et al. (2020)
who overplotted the PARSEC isochrone with [Fe/H] = −0.5 and age of 11 Gyr.
Stars in small areas near both Galactic poles and Galactic center and anticenter present
similar kinematic distribution in the projected Galactic velocity space as recent studies have
reported. Although we do not present detailed chemodynamic analysis in this work, it is
clear to find the two major local halo features in the kinematic distribution, which are the
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Gaia-Enceladus stream and the Helmi stream. We plan to present detailed chemodynamic
analysis in future work.
Our catalog will provide several possible targets for large spectroscopic surveys aiming
to obtain observational data of the local halo population. The future Gaia data releases
will provide 6D astrometric data only for stars with G < 16 as the Gaia radial velocity
spectrometer (Cropper et al. 2018) adopts narrow passbands to minimize the background
light. Therefore, this would be insufficient to obtain the full kinematics of more than 77%
of stars in our catalog if we only adopt the Gaia dataset to conduct the kinematic analysis.
A better strategy would be to intentionally include them in the next large spectroscopic
surveys, such as SDSS-V (Kollmeier et al. 2017), 4MOST (de Jong et al. 2019), WEAVE
(Dalton et al. 2014), or LSST (Ivezić et al. 2019). As late-type dwarfs are known as the
most common stellar population in the Universe, studying chemodynamics of halo late-type
dwarfs will provide an interesting perspective on the evolutionary history of the Milky Way
as the recent Gaia results have shown us.
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Chapter 4
KINEMATIC ANALYSIS OF LOW-MASS STARS IN THE LOCAL HALO
AND NEW MEMBERS OF THE HELMI STREAM

4.1

Introduction

In this chapter, we present a kinematic analysis of stars in our nearby halo catalog based
on their parallaxes and proper motions from Gaia EDR3 and photometric metallicities from
the grid we defined in Chapter 3. We demonstrate how to calculate spatial velocities in the
projected U V and V W planes in §4.2, and then present the chemo-dynamic analysis of the
substructures in the local Galactic halo in §4.3. Most notably, we identify 103 new low-mass
members of the Helmi stream, a prominent kinematic substructure in the local halo. We
summarize our results in §4.4.

4.2

Data and Method

The main targets of this study are stars in the halo catalog introduced in Chapter 3. As
most stars in our catalog have no radial velocities, conducting phase-space analysis of the full
catalog is challenging, but can be achieved in a limited way using selected subsets. In this
study, we present a kinematic study of motions in projections of the U V W velocity space for
our “5D” sample (i.e., without radial velocities). As a reminder, the U component of motion
is the motion of a star in the direction of the Galactic center, V is the component of motion
in the direction of the Sun’s apex (direction of orbital motion around the Galaxy), and W
is the component of motion in the direction of the North Galactic poles (perpendicular to
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the plane of the Galaxy). All the motions are calculated in the Sun’s frame of reference.
We briefly demonstrate how to select samples and calculate their kinematic velocities as a
detailed description of how to convert tangential velocities to the projected U V and V W
velocity planes, using methods already demonstrated in Chapters 3 and 2.
There are six strategic areas in the sky where spatial velocities can be mapped in useful
projections of the U V W velocity space without radial velocities: in the directions of both
Galactic poles (U V plane), the Galactic center and anticenter (V W plane), and the Solar
apex and antapex (U W plane). In those areas, spatial velocities can be described by tangential velocity vectors v~t in a specific plane of projection, where v~t is locally perpendicular
to the line of sight and is calculated from the distance of a star and its proper motion vector,
v~t = 4.74 × µ
~ × d. The radius of those areas should be small to minimize contribution of
radial velocities to the projected velocities in the plane of projection corresponding to the
plane-of-sky at the center of the area. Therefore, we select stars within circles of 20 degrees
radius of the selected positions, and calculate their transverse velocities from parallaxes and
proper motions in Galactic (l, b) coordinates from Gaia EDR3. For this analysis, we did not
include stars around the Solar antapex because of the lack of reddening correction in that
area.
As described in Kim et al. (2020) (and see Chapters 3 and 2 of this thesis), transverse
velocity distributions of stars in both Galactic poles, Galactic center and anticenter, and
Solar apex and antapex translate into projections of the Galactic velocity components in the
U V plane, the V W plane, and the U W plane, respectively. We rotate proper motion vectors
in the Galactic coordinate for stars in the direction to the Galactic poles by 90◦ (Kim et
al. 2020), to recover local U V velocities. We calculate local U V velocities for stars around
the Galactic poles by defining the new (r, s) coordinate. After calculating the velocities, it
requires flipping the sign of transverse motions of stars in the opposite patches and those
in the Southern hemisphere. Consequently, their distributions perfectly reflect actual U V W
distributions of stars (see §4.3):
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Figure 4.1: Distribution of 38, 768 stars near the Galactic poles on the sky, and their estimated projected motions in the U V plane. Stars are grouped in eight metallicity bins,
with metallicity increasing from the top-left to the bottom-right. Dashed lines represent the
center of the Galactic Rest Frame ((U, V ) = (−11.1, −220)km s−1 ).
1. Uk = vt,x = 4.74 × µx × d, where x = r (poles) or l (apex/antapex)
2. Vk = vt,y = 4.74 × µy × d, where y = s (poles) or l (center/anticenter)
3. Wk = vt,b = 4.74 × µb × d (center/anticenter or apex/antapex)

4.3

Substructures in the local Galactic halo

Figures 4.1 shows the projected motions in the U V plane for stars located near the Galactic
poles, and Figure 4.2 shows the projected motions in the V W plane for stars located near the
Galactic center and anti-center. Using photometric metallicity estimates from our calibrated
color-magnitude-metallicity grid, we group stars in eight metallicity bins in the range of
−3.0 ≤ [Fe/H] ≤ 0.2, and in 0.4 dex increments. As we do not correct the Sun’s motion
relative to the Local Standard of Rest, the location of the Sun in each diagram is at the (0,
0) point. The dark shaded region is where the vast majority of stars with disk kinematics
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are expected to be found (vt,tot ≤ 200 km s−1 ). As a supporting proof, stars from our catalog
that are found in those shaded regions are mostly metal-rich. These stars show a clear
“prograde” motion in the rest frame of the Galaxy centered on (−11.1, −220) km s−1 and
indicated by the cross-hairs.
The most prominent feature in the projected U V plane (Figure 4.1) is an elongated
feature with Vk of −250 km s−1 . This feature has slightly retrograde motion when assuming
the Sun’s rotational velocity about the Galactic center to be −220 km s−1 . The feature
appears to be most prominent in the range of metallicity around −2.2 < [Fe/H] ≤ −1.0,
which supports the idea that this feature is part of the Gaia-Enceladus stream (Belokurov
et al. 2018; Helmi et al. 2018; Naidu et al. 2020). Interestingly, it appears that the GaiaEnceladus stream consists of small clumpy groups of stars instead of a uniform distribution,
which suggests that the Gaia-Enceladus stream may be more complex than initial speculation
suggests.
One tantalizing substructure in the U V plane is an elongated clump with −100 km s−1 <
Uk ≤ 100 km s−1 and Vk ∼ −400 km s−1 which appears in the distribution of stars with
metallicities in the range of −1.4 < [Fe/H] ≤ −1.0 (lower-left diagram in Figure 4.1). Stars
in this velocity substructure have retrograde orbital motion relative to disk stars, but are
also relatively metal-rich compared to other halo stars. This possible stream candidate may
be part of the Metal-Weak Thick Disk that is the metal-poor tail of high-α disk population (Naidu et al. 2020). Radial velocity and elemental abundance data would be crucially
required to confirm its true nature in the velocity space and chemical abundance space.
In the V W projection shown in Figure 4.2, the distribution of the most metal-poor stars
is centered around the Galactic rest frame at (−220, −7.25) km s−1 . The distribution is also
very isotropic around that point. This shows that halo stars have relatively random orbits
as they cross the Galactic plane, consistent with a spheroidal distribution (no preferred
inclination of orbits). The most interesting feature in the V W plane is a stretched shape
around −150 km s−1 < Vk ≤ −60 km s−1 and −350 km s−1 < Wk ≤ −210 km s−1 prominent
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Figure 4.2: Distribution of 26, 081 stars near the Galactic poles on the sky, and their estimated projected motions in the V W plane. Stars are grouped in eight metallicity bins,
with metallicity increasing from the top-left to the bottom-right. Dashed lines represent the
center of the Galactic Rest Frame ((V, W ) = (−220, −7.25)km s−1 ).
in all the metallicity bins with −2.6 < [Fe/H] ≤ −0.6. This feature is in fact consistent with
a known debris stream known as the Helmi stream (Helmi et al. 1999; Gaia Collaboration et
al. 2018c; Koppelman et al. 2019) which is hypothesized to be the debris stream of a tidally
disrupted dwarf galaxy crossing the Solar neighborhood (Kepley et al. 2007).
Koppelman et al. (hereafter K19, 2019) recently reported the identification of ∼ 600 new
members of the Helmi stream, using Gaia DR2 and spectroscopic data from the APOGEE
DR2, RAVE DR5, and LAMOST DR4. Their list consists of 40 stars identified as the “core
sample” and located within 1 kpc from the Sun, plus 523 tentative members within 5 kpc
from the Sun. The core members are selected using a Gaia-only sample and the tentative
members are selected from the extended sample with radial velocities from spectroscopic
surveys. K19 found that the metallicity distribution of the members ranges from −2.3 to
−1.0 dex with a peak metallicity of −1.5 dex. They suggested that the Helmi stream stars
came from a dwarf galaxy with a stellar mass of ∼ 1010 M accreted 5 – 8 Gyr ago.
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Figure 4.3: Distribution of stars in the projected V W plane. Stars are color-coded according
to their estimated photometric metallicities. Black dashed lines show the selection boxes
for the Helmi stream members that are suggested in Koppelman et al. (2019). We do see
a significant concentration of stars in the box of negative W velocities, but do not see any
evidence of the stream at positive W values. The red box shows our own suggested selection
cut for members of the Helmi stream.
K19 uses two selection boxes in the V W plane that are defined from the original members
of the Helmi streams reported in Helmi et al. (1999): one is bounded by 90 km s−1 < V ≤ 190
km s−1 and −290 km s−1 < W ≤ −200 km s−1 , and the other one is bounded by 110 km s−1 <
V ≤ 190 km s−1 and 200 km s−1 < W ≤ 270 km s−1 , where these U V W velocities are defined
relative to the Galactic rest frame. They assumed the velocity correction for the motion of
the Sun relative to the local standard of the rest to be v

= (11.1, 12.24, 7.25) km s−1

(Schönrich, Binney, & Dehnen 2010), and the motion of the local standard of rest relative
to the Galactic rest frame to be VLSR = 232.8 km s−1 (McMillan 2017).
Figure 4.3 shows the same velocity distribution in the projected V W plane, but for all
stars around the Galactic center and anticenter. The selection boxes from K19 are shown as
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Figure 4.4: Histograms of distance (left) and photometric metallicity (right) of 103 stars
that we identify as possible local members of the Helmi stream.
black dashed lines. The bottom box appears to cover the stretched feature that we identify in
our own catalog, as discussed above. We overplot our own selection box with red-solid lines,
and see that it almost completely overlaps with the lower K19 selection box. A significant
difference is that the distribution in Figure 4.3 does not show any indication of a clump in
the upper K19 selection box. It is unclear why we do not find any clustering in the upper
box of K19, while we clearly identify members in the lower selection box.
From our selection (the red box in Figure 4.3), we identify 103 stars as candidates of
the Helmi stream. These candidates are found within 1.8 kpc from the Sun as shown in the
left panel in Figure 4.4. The metallicity distribution in a right panel in Figure 4.4 reveals
a broad metallicity range from −3.0 to −0.3 with a peak metallicity of about −1.35 dex.
The selected stars are thus generally metal-poor, but show a very broad range of metallicity
values; if these stars are associated with a particular merger event, the accreted object must
have been chemically inhomogenous, as one might expect of a relatively large object - more
like a dwarf galaxy than like a globular cluster.
Similarly to our approach, the Gaia Collaboration et al. (2018c) referred about measuring
p
angular momenta of Lz and |L⊥ | = L2x + L2y without needing radial velocities for stars in
the small areas in the direction of the Galactic center and anticenter. This is because
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Figure 4.5: Distribution in the Lz , Ly angular momentum space for stars in our halo catalog
located within 20 degrees of the Galactic center and anticenter. We assume the Galactocentric distance of the Sun as 8.178 kpc (Gravity Collaboration et al. 2019), the Sun’s velocity
relative to the local standard of rest (U , V , W ) = (11.1, 12.24, 7.25) km s−1 (Schönrich,
Binney, & Dehnen 2010), and the velocity of the LSR to the Galactic rest frame as 232.8
km s−1 (McMillan 2017). As the local halo centers on (0, 0) (Gaia Collaboration et al.
2018c), stars with Lz < 0 have retrograde motion. Boxes shown in black dashed lines are
the selection cuts from K19 for selecting tentative members of the Helmi stream. Red stars
are the 103 stream candidates identified from the red box in Figure 4.3.
tangential velocities in Galactic (l, b) direction directly correspond to the space velocities vz
and vy in the Galactic rest frame, which are related to the V and W components of motion
in the Sun’s rest frame. The corresponding angular momenta are Lz = xvy and Ly ∼ −xvz ,
where x = d + d and d is the distance of the Sun from the Galactic center. We apply this
method to calculate the angular momenta of the same stars we used to create Figures 4.2 and
4.3. We adopt the Galactocentric distance of the Sun as 8.178 kpc reported from Gravity
Collaboration et al. (2019), we use the velocity of the Sun relative to the local standard of
rest, v = (11.1, 12.24, 7.25) km s−1 (Schönrich, Binney, & Dehnen 2010), and the motion of
the local standard of rest in the Galactic rest frame, VLSR = 232.8 km s−1 (McMillan 2017).
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Figure 4.5 shows the angular momenta distribution of stars in the small patches in the
sky with a radius of 20◦ in the direction of the Galactic center and anticenter. As the local
halo centers on (0, 0)(Gaia Collaboration et al. 2018c), stars with Lz < 0 have retrograde
motion. The boxes shown in black dashed lines are the selection cuts that K19 applied for
selecting the tentative Helmi stream members: a smaller box for 1000 < Lz < 1500 kpc
km s−1 and 1750 < Ly < 2600 kpc km s−1 and a larger box for 750 < Lz < 1700 kpc km
s−1 and 1600 < Ly < 3200 kpc km s−1 . The cuts were defined from the distribution of the
core sample although some stream members may be located outside the larger box. The red
points in Figure 4.5 are the 103 stars identified from the red box in Figure 4.3. Most stars
are found within the smaller box, which is a tighter cut with less contamination from the
disk. This further supports the idea that our candidates are indeed members of the Helmi
stream. While our selection radius of the patches is slightly larger than that used by Gaia
Collaboration et al. (2018c) and K19, our result is well aligned with their selection criteria.
We crossmatch our selected candidates to the members identified by K19 and find only
one star (Gaia DR2/EDR3 3344421699741253376) in common between the two lists. When
crossmatching all halo stars in our catalog (from the entire sky) to the Helmi stream members
listed in K19, we found 12 core members and an additional 59 tentative members in common
in both catalogs; Figure 4.6 displays the distribution of these members of the Helmi stream
in the CMD. Gray points are all stars in the small patches in direction of the Galactic center
and anticenter. Yellow filled squares and black open diamonds are previously known core and
tentative members that are found in our catalog. Red filled circles are the new candidates
that we identified in Figure 4.3. As shown in the CMD, most members follow the bluer
main-sequence that mostly consists of metal-poor halo stars.
The main reason we have fewer matches is mostly that not all members identified in K19
pass the initial selection cuts of our halo catalog (see §3.2 in Chapter 3). Most members
in K19 do not pass the proper motion minimum (µ = 40 mas yr−1 ) that our catalog uses,
which generally means that the K19 members are more distant (d < 5 kpc). In addition,
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Figure 4.6: A CMD of previously known and new members of the Helmi stream. Gray
points are all stars in the small search patches with a radius of 20 degree, in the direction
of the Galactic center and anticenter. Yellow and black points are the 12 core members
and 59 tentative members identified by K19. Red points are the stream candidates that we
identified using the red box in Figure 4.3.
some members in K19 have larger RUWE values than allowed by our selection cut (RUWE
< 1.4) or have negative parallaxes in Gaia EDR3. Other members in K19 that may pass our
proper motion and quality cuts still are not included in our catalog because they are evolved
stars, i.e., giants, and hence not selected from our reduced proper motion cuts.
In conclusion, we claim 103 candidates as potential new low-mass members of the Helmi
stream. Table 4.1 at the end of this chapter lists the selected objects with basic information from Gaia EDR3, including Gaia EDR3 source id, position, parallax in mas, proper
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motions in mas yr−1 , Gaia G magnitude, G − GRP color, E(G − GRP ), extinction in G,
and photometric metallicities. We mark the star that is in common with the Helmi stream
members identified in K19.

4.4

Conclusion

We present a simple kinematic analysis of the local halo stars from the catalog we assembled
in Chapter 3. As the majority of our sample is from the 5D subset of Gaia EDR3 (i.e.,
without radial velocities), we treat tangential velocities for stars in six strategically selected
patches on the sky, each with an angular radius of 20◦ and use the proper motions and
distances of stars in those patches to obtain distributions in two strategic projections of
velocity space: the U V and V W planes, from which we can examine the substructure of the
kinematic distribution of halo stars.
Kinematic substructures in the Solar neighborhood are revealed in the U V and V W
planes and are more prominent when stars from different metallicity bins are used, which
is consistent with a complex chemodynamical structure for the local halo population. As
photometric metallicities increase from −3.0 to 0.3, the contamination from a tail of the
thick disk disk population becomes increasingly dominant, but bins of low metallicity appear
to show a distribution that is largely consistent with a spheroid, i.e., a more “pure” halo
distribution free of disk contamination. The local Galactic halo appears to consist of several
debris streams. For example, the most prominent feature in the projected U V plane is the
Gaia-Enceladus stream with metallicities from −2.2 to −1.0 that is assumed to be the debris
of an accreted dwarf galaxy that merged with the Milky Way 8 – 10 Gyr ago, but that
large structure in velocity space appears to be made up of distinct substructures. Another
prominent structure revealed in the V W plane is the Helmi stream. We carefully select
candidate members of the Helmi stream and claim 103 new low-mass members.
Although we attempt to perform chemo-dynamic analysis of halo stars in our catalog, the
ultimate, meaningful result can be only obtained from the full 6D sample. A more detailed
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kinematic analysis with angular momenta, potentials, or action variables is only available
with a given radial velocity information. The membership of our candidates of the Helmi
stream can be only confirmed when their radial velocities are finally obtained from future
spectroscopic mission.
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Table 4.1: A List of new members of the Helmi streams.
R.A.

Decl.

π

µα

µδ

G

G − GRP

E(G − GRP )

AG

[Fe/H]grid

(deg)

(deg)

(mas)

(mas)

(mas)

(mag)

(mag)

(mag)

(mag)

(dex)

6021488314419502848

245.41265

-37.19677

1.623

32.321

-80.212

18.445

1.095

0.000

0.000

0.135

4060780321539230080

266.40194

-27.31921

1.062

48.706

-53.262

15.914

0.721

0.262

1.073

-0.869

6052153491856564480

245.93469

-21.76495

2.354

77.188

-99.906

17.568

1.011

0.262

1.073

-1.042

6052337419539870976

247.87004

-21.30406

1.679

61.925

-79.847

16.398

0.816

0.219

0.898

0.247

6736766949545002240

279.55250

-32.03768

0.722

40.567

-23.934

15.234

0.484

0.000

0.000

-0.063

4065382984668621952

273.76493

-24.83383

2.331

99.785

-98.272

16.707

0.963

0.146

0.599

-0.304

6729352594711459456

281.83434

-38.22194

1.366

72.343

-57.248

13.007

0.469

0.000

0.000

-0.757

5948415497513115648

264.83121

-48.76145

0.728

31.290

-43.346

16.976

0.646

0.000

0.000

-0.720

4126741535915716992

251.35636

-22.24909

0.596

23.805

-37.798

16.754

0.639

0.207

0.848

-1.370

6734755289935904128

279.65333

-34.37866

1.006

56.237

-31.718

17.082

0.766

0.000

0.000

-0.709

6017474134907724928

248.48581

-39.23826

1.675

57.909

-64.327

18.445

1.018

0.000

0.000

-0.907

6736858582638691456

281.57109

-32.35903

0.918

26.735

-42.865

17.274

0.747

0.000

0.000

-0.991

5953299867445653248

259.87546

-43.90399

1.581

60.952

-94.838

18.830

1.030

0.000

0.000

-0.962

962731389145958272

91.90955

44.28352

1.018

-29.040

-43.755

15.630

0.580

0.091

0.374

-0.462

3372156811833622656

96.87295

18.90288

1.269

-59.455

-60.030

16.237

0.686

0.097

0.399

-0.821

3429947933263871744

89.95042

26.55555

1.345

-57.417

-63.010

15.810

0.650

0.120

0.491

-0.703

3426431591999115008

91.00872

24.38582

2.535

-114.65

-124.23

17.620

0.994

0.024

0.100

-1.443

source id
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Table 4.1: A List of new members of the Helmi streams.
R.A.

Decl.

π

µα

µδ

G

G − GRP

E(G − GRP )

AG

[Fe/H]grid

(deg)

(deg)

(mas)

(mas)

(mas)

(mag)

(mag)

(mag)

(mag)

(dex)

3431265560510789888

89.71275

28.01175

1.195

-47.261

-52.879

15.996

0.685

0.128

0.524

0.279

3438071228247328000

92.89229

31.24152

1.197

-48.813

-51.970

15.138

0.586

0.115

0.471

-0.379

3350508905351012736

89.30030

18.39115

1.154

-48.309

-54.146

16.659

0.698

0.140

0.574

-0.977

3400577400703098112

80.48769

18.11756

1.190

-43.041

-54.302

15.625

0.622

0.097

0.399

-0.203

3428355148933037824

88.44186

25.69790

1.666

-54.064

-89.019

14.105

0.550

0.091

0.374

-0.575

3446913359023589504

80.01577

30.89097

1.234

-48.320

-62.783

16.759

0.735

0.122

0.499

-0.984

3406827398456007040

72.46335

18.70383

0.943

-23.014

-49.784

15.918

0.711

0.225

0.923

-0.189

3394412095408062848

79.06972

17.23949

1.279

-48.503

-62.549

15.377

0.608

0.116

0.474

-0.405

191744558618078720

86.73965

40.32252

1.022

-29.233

-49.185

17.676

0.813

0.140

0.574

-0.804

3385576626127579136

102.57005

28.38402

1.617

-54.160

-61.067

18.708

0.978

0.024

0.100

-1.739

3344075005683384064

93.81385

12.91209

2.474

-104.97

-121.53

18.453

1.042

0.018

0.075

-1.362

6029708130247533568

254.09163

-29.27301

3.278

98.273

-133.91

18.009

1.018

0.035

0.143

-1.896

6045405204891559296

246.08644

-26.93648

0.827

27.851

-39.992

16.324

0.676

0.243

0.998

-1.400

5973158254341271040

258.29723

-38.24856

1.477

63.423

-79.601

16.428

0.753

0.000

0.000

-1.300

4037080387170017280

270.50490

-37.43672

1.409

58.175

-64.556

15.111

0.628

0.000

0.000

0.147

6764014359480883712

287.63986

-26.09803

0.970

40.542

-49.376

16.050

0.588

0.079

0.324

-0.917

6736788115145223680

279.79475

-32.00926

1.294

72.927

-64.509

16.346

0.784

0.000

0.000

0.041

source id
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Table 4.1: A List of new members of the Helmi streams.
R.A.

Decl.

π

µα

µδ

G

G − GRP

E(G − GRP )

AG

[Fe/H]grid

(deg)

(deg)

(mas)

(mas)

(mas)

(mag)

(mag)

(mag)

(mag)

(dex)

4104770652265759744

277.63487

-13.55443

1.068

52.762

-18.735

16.073

0.681

0.243

0.998

-1.025

4081199180178129664

286.93119

-22.04315

0.788

32.577

-27.233

16.057

0.545

0.085

0.349

-1.011

6707731871087319552

275.76343

-46.68297

2.381

115.26

-125.28

16.858

0.885

0.000

0.000

-1.798

6026085647414808832

253.59941

-33.83651

0.856

32.917

-40.324

17.242

0.782

0.000

0.000

0.021

6726318870333845888

276.81752

-40.11849

0.831

29.448

-38.905

17.013

0.751

0.000

0.000

0.268

5963394213114054912

257.30393

-45.57208

2.892

104.69

-188.55

18.680

1.052

0.000

0.000

-1.400

4098987392859879040

283.28601

-17.34894

0.819

36.476

-25.305

17.041

0.655

0.118

0.486

-0.991

941464699663859968

98.77878

33.95225

1.294

-53.249

-49.513

16.378

0.654

0.073

0.299

-2.003

961163034591717888

92.32805

43.61170

3.181

-140.44

-139.14

17.428

0.968

0.023

0.092

-2.007

196166824451171712

86.86049

43.80879

2.233

-92.671

-120.23

16.662

0.890

0.097

0.399

-1.299

195042883047957504

81.38235

42.30148

2.513

-91.928

-124.15

17.815

0.925

0.030

0.124

-2.507

3378059024607935360

100.23038

20.66235

4.820

-224.26

-173.86

16.999

0.963

0.000

0.000

-2.216

3458730673776109440

89.98552

41.12810

2.438

-103.91

-125.47

13.932

0.584

0.091

0.374

-0.767

3436707039257939968

93.26402

29.15258

3.342

-129.04

-133.39

18.178

0.991

0.006

0.025

-2.161

3385242168433536640

103.24473

27.32500

1.261

-64.702

-57.556

16.272

0.660

0.030

0.125

-1.685

201426892376804480

77.70065

42.41239

1.539

-45.326

-62.225

15.197

0.605

0.146

0.599

-1.116

3349733543495747968

89.61353

16.82502

1.445

-58.720

-64.092

16.250

0.750

0.071

0.289

-0.555

source id
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Table 4.1: A List of new members of the Helmi streams.
R.A.

Decl.

π

µα

µδ

G

G − GRP

E(G − GRP )

AG

[Fe/H]grid

(deg)

(deg)

(mas)

(mas)

(mas)

(mag)

(mag)

(mag)

(mag)

(dex)

3344421699741253376∗

92.34956

13.74783

1.199

-50.578

-53.287

16.335

0.666

0.127

0.520

-1.057

3441562040226546048

86.56522

27.42507

2.515

-89.984

-111.18

17.808

1.000

0.067

0.274

-1.709

3410552651226100608

69.78344

19.57015

2.291

-73.481

-118.50

15.710

0.794

0.164

0.674

-0.442

941891073952337920

99.43730

34.80246

2.222

-98.644

-89.404

18.998

0.987

0.068

0.278

-2.620

3442580939613487616

85.05718

28.02099

2.267

-88.313

-115.85

18.602

1.048

0.066

0.269

-1.569

3446467923668734976

79.58648

29.18527

2.047

-75.800

-115.61

18.524

1.074

0.201

0.823

-1.399

153381700276597760

74.06424

26.32874

2.350

-63.210

-111.16

18.571

1.191

0.347

1.422

-0.132

3405678069502155904

73.85994

17.15627

2.048

-69.533

-98.926

18.284

1.001

0.286

1.173

-1.997

3404112566807817984

82.42429

22.71901

0.978

-35.182

-55.880

17.384

0.738

0.158

0.649

-1.080

3411147620160445696

70.45674

20.73986

1.427

-44.006

-67.186

18.037

0.949

0.286

1.173

-0.426

3400558464191958272

80.96317

18.27012

1.165

-62.456

-41.888

16.908

0.727

0.124

0.507

-1.200

3413888565208361856

79.26210

20.36641

1.332

-44.232

-58.328

18.078

0.902

0.207

0.848

-1.360

4113181465168891264

254.98720

-24.30757

1.943

67.901

-78.732

17.560

0.948

0.146

0.599

-1.450

4142392121863827328

258.49804

-11.84319

1.961

62.443

-80.426

17.515

0.995

0.316

1.297

0.137

4075588926410425344

283.41869

-23.09228

6.826

320.95

-288.66

17.363

1.026

0.000

0.000

-2.134

5954218028366455936

268.30125

-46.03712

1.179

54.057

-60.093

15.243

0.515

0.000

0.000

-1.504

5948758407706094720

266.20098

-47.22874

0.763

22.637

-40.761

16.991

0.604

0.000

0.000

-1.790

source id
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Table 4.1: A List of new members of the Helmi streams.
R.A.

Decl.

π

µα

µδ

G

G − GRP

E(G − GRP )

AG

[Fe/H]grid

(deg)

(deg)

(mas)

(mas)

(mas)

(mag)

(mag)

(mag)

(mag)

(dex)

4070282816420686208

269.46096

-22.34385

2.068

87.523

-97.888

18.628

1.007

0.237

0.973

-2.535

6722912548953784192

277.11311

-42.20394

0.953

45.789

-44.457

17.982

0.809

0.000

0.000

-1.612

6734127915470346240

277.14819

-36.00335

0.800

36.522

-28.421

17.158

0.611

0.000

0.000

-2.295

4162214774640465536

265.59637

-12.14063

0.684

36.404

-25.135

16.596

0.833

0.341

1.397

-2.808

6731779530416986368

282.35106

-36.74743

0.916

45.637

-37.781

16.883

0.612

0.000

0.000

-2.321

887415564196980352

105.18764

28.83085

1.121

-56.650

-50.138

16.482

0.645

0.031

0.125

-1.828

3355872288712427904

99.57045

14.10921

1.472

-62.968

-61.157

16.866

0.786

0.119

0.488

-1.330

937645138004059648

102.42937

32.88464

0.590

-31.521

-28.744

14.863

0.459

0.043

0.175

-2.436

3429843960695063296

89.00369

25.71941

1.120

-42.621

-52.911

15.111

0.528

0.104

0.427

-1.425

3375900511487778432

95.73514

21.25569

1.341

-59.601

-59.239

13.996

0.479

0.076

0.312

-1.872

188597996858548224

78.96333

38.98303

2.222

-68.781

-93.191

17.169

0.916

0.049

0.200

-1.750

3436345506095430272

92.55856

28.05759

1.562

-58.902

-61.988

17.267

0.808

0.103

0.424

-2.187

3385033604822280064

102.85839

26.31083

1.343

-57.137

-52.796

16.233

0.618

0.018

0.075

-2.668

3444244161402830208

85.92002

29.61476

3.777

-156.74

-188.81

16.568

0.975

0.113

0.461

-1.778

3394366877992507008

79.68997

17.03233

2.845

-95.078

-126.45

16.332

0.890

0.085

0.349

-1.666

3429403911227471488

87.42449

26.52546

2.798

-107.49

-120.27

18.462

0.971

0.079

0.324

-2.865

201669364753890816

74.50671

41.52321

1.482

-41.677

-60.093

18.139

0.887

0.137

0.561

-2.327

source id
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Table 4.1: A List of new members of the Helmi streams.
R.A.

Decl.

π

µα

µδ

G

G − GRP

E(G − GRP )

AG

[Fe/H]grid

(deg)

(deg)

(mas)

(mas)

(mas)

(mag)

(mag)

(mag)

(mag)

(dex)

882875199649503616

107.62421

25.73621

1.211

-60.270

-52.347

17.409

0.806

0.024

0.100

-1.601

885365245592483200

108.85631

28.93578

0.710

-32.190

-25.482

16.358

0.457

0.043

0.175

-2.943

207888962729843840

82.74065

44.57354

1.059

-32.932

-40.538

18.199

0.809

0.164

0.674

-2.192

888246859411630080

105.96361

30.81292

1.239

-58.399

-50.004

17.996

0.831

0.049

0.200

-2.278

189148195056925952

78.60533

41.60359

1.413

-53.432

-70.731

18.337

0.873

0.079

0.324

-2.606

3332482957673037696

94.65389

13.42966

1.561

-53.071

-49.429

17.858

0.896

0.160

0.657

-1.867

3337090907823581312

87.67165

11.54344

1.179

-47.172

-53.092

17.876

0.895

0.249

1.023

-0.047

3340695622336935168

83.88847

11.66775

1.252

-45.375

-53.385

18.170

0.861

0.080

0.327

-2.166

940070042179598080

105.27676

36.43461

1.362

-63.225

-51.848

17.636

0.812

0.024

0.100

-2.306

3358320798025233664

102.35345

16.90554

1.160

-53.454

-50.310

17.573

0.784

0.006

0.025

-2.037

4135190320703595264

259.72599

-17.07762

1.978

67.360

-80.384

18.763

0.991

0.110

0.449

-2.422

195117100083539072

79.63375

41.79753

4.017

-107.31

-170.57

18.183

0.948

0.000

0.000

-2.929

3365151754532467840

105.04092

19.83333

2.724

-130.08

-116.71

16.558

0.841

0.006

0.025

-2.425

189031406301782272

78.60619

40.60558

2.264

-88.763

-116.19

18.314

0.932

0.085

0.349

-2.925

3379741616702718976

100.15128

23.05879

1.520

-58.604

-55.501

18.013

0.858

0.024

0.100

-2.481

3366028542039929216

104.91509

20.33191

1.278

-57.838

-52.564

17.103

0.716

0.018

0.075

-2.608

3455136709565458176

87.85712

35.47842

1.591

-69.930

-77.641

18.376

0.908

0.103

0.422

-2.564

source id
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source id
3435718994918615552
∗

R.A.

Decl.

π

µα

µδ

G

G − GRP

E(G − GRP )

AG

[Fe/H]grid

(deg)

(deg)

(mas)

(mas)

(mas)

(mag)

(mag)

(mag)

(mag)

(dex)

98.80676

30.39548

1.408

-60.039

-57.009

17.812

0.910

0.055

0.226

-1.335

A star in the tentative members identified by K19.
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Chapter 5
IDENTIFICATION OF HALO ECLIPSING BINARIES FROM TESS LIGHT
CURVES

5.1

Introduction

The identification of binary and multiple systems in stellar populations is important to get a
proper count of the number of stars they contain and also to properly estimate the total mass
of the population. Unresolved binary systems (two stars orbiting each other) and multiple
systems (three or more stars orbiting each other) can “hide” large numbers of stars that are
detected and counted individually.
More importantly, binary stars provide the only reliable method to measure the gravitational mass of any type of star, which is needed to establish a mass-luminosity relationship
(MLR) that can then be used to measure the masses of individual stars and the total mass
of the population. As the MLR is a fundamental law of the main-sequence stars, it allows us
to empirically estimate stellar mass from the luminosity of single objects (Henry et al. 1999;
Malkov 2007). As we described in § 3.3.4 in Chapter 3, the absolute magnitude distribution
of low-mass metal-poor stars in our catalog implies the possibility that the IMF of the local
halo may follow the top-heavy initial mass function. To investigate this further, we need to
convert the luminosity of low-mass stars to their masses via the MLR. However, the MLR
for halo low-mass stars has not been well derived yet due to the lack of discovery of halo
eclipsing binaries. To improve the MLR, therefore, it is required to constrain individual
masses of detached eclipsing binaries that can calibrate the MLR. This is because dynamic
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masses of stars can be only reliably measured from binaries, which requires observing their
radial velocities and double lines in their spectra (Malkov 2007).
The multiplicity fraction of Sun-like stars (F6 – K3 dwarfs) in the disk is known to
be about 44 – 46% (Raghavan et al. 2010). The actual binary fraction of the Galactic
halo is, on the other hand, still unknown. Recent studies on close binaries (Moe, Kratter,
& Badenes 2019) and wide binaries (Hwang et al. 2021) claim that the binary fraction
is strongly dependent on stellar metallicities1 . The close binary fraction appears to show
strong anti-correlation with metallicity, suggesting that metal-poor stars like those found
in the Galactic halo should have a higher fraction of close binary systems. On the other
hand, the wide binary fraction shows a peak around solar metallicity and a decrease at lower
metallicity. The difference in the frequency of close and wide binaries between the Galactic
disk and halo populations appears to be related with the specific star formation history of
the Galactic halo.
In any case, it is clear that a significant number of stars in the halo population are binaries,
and some of them will have the proper alignment to be detected as eclipsing binary systems.
It is with eclipsing binary systems that astronomers are best able to reliably measure the
masses of the stars. Finding these eclipsing systems will thus open the way to improving the
calibration of the mass-luminosity relationship. This will then make it possible to convert
our luminosity function into a mass function, which will then provides clues to the initial
mass function (IMF) of the halo at the low-mass end. This will ultimately provide a more
reliable estimate of the total baryonic (stellar) mass in the local halo, and indirectly of the
total amount of dark matter, thus providing improved constraints for evolutionary models
of the Milky Way in various cosmological scenarios. Assembling large subsets of halo binary
candidates is, therefore, crucial as a first step, and will provide important candidates for
1

Close and wide binaries are sorted by the physical separations and/or orbital periods. Close binaries are
pairs with physical separations of less than 10 AU and their orbital period is a few days or less. Physical
separations of wide binaries, on the other hand, can reach > 104 AU and their orbital periods may take
hundreds years or more (El-Badry & Rix 2018; Hartman & Lépine 2020).
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radial velocity observations with high-resolution spectrographs that will provide direct mass
measurements for halo stars of various metallicities and luminosities.
The Transiting Exoplanet Survey Satellite (TESS, Ricker et al. 2015) mission2 , which
launched on April 18, 2018, is an all-sky survey primarily dedicated to finding exoplanets
transiting bright stars. The TESS mission aims to provide high-cadence photometric monitoring of 200, 000 bright stars and additional monitoring of over 1 billion objects in a TESS
Input Catalog (TIC, Stassun et al. 2018, 2019). Although its prime targets focus on the best
possible exoplanet hosts, i.e. bright, nearby main-sequence stars, the mission has opened
opportunities to search for binary stars in any type of relatively bright star, including stars
from the local halo population. From the TESS data, two types of light-curves are produced:
(1) high-cadence light-curves, with a cadence of two minutes, are produced only for a small
subset of pre-selected stars, mainly bright nearby stars identified to have the highest likelihood of having planets detected in their habitable zones, and (2) low-cadence light curves,
with a cadence of 30 minutes, which can be extracted from any source on the sky, but whose
quality depends on the brightness of the source.
In this chapter, we demonstrate how to search for and identify binary candidates in our
catalog of local halo stars from publicly archived TESS light curves. In § 5.2, we describe
the methodology to extract light curves from the TESS archive. We present our result from
the search and briefly introduce newly identified binary systems in § 5.3. Our discussion and
summary of the results are presented in § 5.4.

5.2

Survey Methodology

5.2.1

Crossmatch to the TESS Input Catalog

We crossmatched our catalog to the TIC, which provides coordinates and estimates basic
physical parameters for ∼ 1.5 billion point sources and extended sources in the sky, to
help identify bright targets for two-minute cadence observations and to calculate physical
2

https://tess.mit.edu
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and observational properties of exoplanet host candidates. As the TIC has been regularly
updated, the current version is TIC-8, which has been built based on the Gaia DR2 and
2MASS. As positions of stars in the TIC-8 are from Gaia DR2, we first crossmatched our
catalog to Gaia DR2 to trace back stellar positions to the year 2015.5 epoch of DR2 and
to obtain source id in the Gaia DR2 catalog, which can then be used to trace the source
back to the TIC. After this process, we crossmatched our catalog to the TIC-8 by first using
positions (R.A. and Declination) in the sky, as provided by Gaia DR2. Since the TIC-8
provides not only a TIC ID of a star but also its Gaia DR2 source id, we we verified the
the cross-match by comparing the Gaia DR2 source id to that of the matched TIC-8 source.
All these processes were conducted using the X-match service and Pair Match function in
TOPCAT (Taylor 2005). In the end, we found the TIC counterparts to 551,168 of our halo
stars, which represents 99.99% of our catalog. Only 58 stars could not be recovered in the
TIC catalog. These stars appear to be normal main-sequence stars and are relatively bright
(G < 14.5). We speculate that these stars are newly introduced in Gaia EDR3 due to
significant improvement of precision in parallaxes and proper motions with respect to Gaia
DR2, and were thus overlooked in the TIC.

5.2.2

Light Curve Extraction and Analysis

We search and analyze the TESS data products using Lightkurve that is a Python package
for the data analysis of Kepler and TESS data (Lightkurve Collaboration et al. 2018; Barentsen et al. 2021). First, we extract the light curves from the MAST public data archive
using search lightcurve function with the previously recovered TIC IDs as input data.
The package is scanning through the MAST archive and provide a list of the light curves
produced by the TESS data producing pipelines. There are three pipelines producing the
public light curve data, one for the target pixel files from two-minute cadence light curves
developed by the Science Processing Operations Center at NASA/Ames (SPOC, Jenkins
et al. 2016), another one is the pipeline that extracts 30-minutes cadence light-curves from
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Figure 5.1: Flow chart showing our decision-making procedure for identifying the halo binary
candidates.
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the full-frame images, developed by SPOC (TESS-SPOC, Caldwell et al. 2020) and finally
there is the Quick-Look Pipeline for bright stars (T ≤ 13.5) developed by the TESS Science
Office at MIT (QLP, Huang et al. 2020a,b). In this study, we primarily focus on searching
for light curves from the two-minute cadence data produced by the SPOC pipeline. If there
are no two-minute cadence data, then we search for light curves from full-frame images with
30-minute exposure produced by TESS-SPOC and QLP.
We create plots of all the light curves after removing NaN values, outliers, and after
removing systematic and low-frequency trends in the light-curves to eliminate long-term
variability and instrumental trends and focus on the identification of the high-frequency
eclipse patterns. To do this, we apply the remove nans, remove outliers, and flatten
functions in the LightCurve class in the Lightkurve package. We then visually inspect all
the light curves to identify any regular pattern that cannot be explained by instrumental
noise or artifacts. As the halo populations consist of old, stable objects, most light curves
are expected to be like Figure 5.2 that is a typical two-minute cadence light curve of a
stable object showing no pattern but instrumental noise. However, if an object is a binary
system, its light curve should show a periodic signal with significant amplitude variations, like
Figure 5.3. The amplitudes of eclipsing pattern will be consistent over time. Other patterns,
caused by star spots, stellar rotation, and magnetic activity, may also show periodic patterns.
Since those patterns change their shape and amplitude of the modulation over time, the
eclipsing pattern relatively stands out.
For a star with eclipsing patterns, we create a periodogram to estimate the period of
the signal, which in all cases is revealed by a prominent peak in the periodogram at a given
period. Since most binary stars have two eclipses (primary eclipse and secondary eclipse) the
orbital period is calculated to be twice the period indicated by the centroid of the highest
peak in the periodogram. We simply fold the light curve using twice period value obtained
from Periodogram.period at max power function and we visually examine the resulting
folded light curve to verify the quality of the fold and confirm that the estimated period
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Figure 5.2: An example of an unfolded light curve of TIC 421484809. It does not show any
periodic pattern, except for the systematic artifacts.
is correct. If not, we manually adjust the period and redo the folding, until we obtain
satisfactory results.
Figure 5.1 shows a flow chart of our decision making processes. Starting from the initial
catalog of 551, 168 stars with TIC IDs, we found that 7, 689 stars stars have so far been
observed and have had light-curves extracted by the TESS data processing pipelines. Among
them, 55 stars show interesting pattern, consistent with eclipses, modulation from star spots
in a rotating star, or other patterns typical of variable stars. While all the stars can be
considered objects of interest, here we focus on the subset of 27 stars whose patterns are
most consistent with eclipsing binary systems.

5.3

Halo Binary Systems

We present 27 transiting systems in the local Galactic halo, identified by the TESS light
curve analysis. Figures 5.4 – 5.6 display their phase-folded light curves. Most light curves
are automatically folded by twice the maximum peak value of their periodograms, even
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Figure 5.3: Top: An example of an unfolded light curve (TIC 175458617) from the TESS twominute cadence observation produced by the SPOC pipeline. It clearly shows a periodically
repeating pattern of primary and secondary eclipses. Bottom: a periodogram for the same
system. The orbital period (Porb = 0.33606 days) is calculated to be twice the period at the
highest peak in the periodogram.
though three systems (TIC 82362447, TIC 91541431, TIC 229802010) have to be manually
folded due to its weak signal in the processed light curves.
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5.3.1

Contact Binaries

A contact binary is a system in which the components are so close that they fill their Roche
lobes and share a common envelope. Due to its peculiar nature, the light curve of a contact
binary shows a distinct pattern compared to that of an detached eclipsing binary. The
contact binary has a very short period, and instead of showing two separate eclipses, the
light curve shows continuous variation in a sinusoidal pattern, symmetric in time. We identify
eight contact binaries of which orbiting periods are less than 12 hrs. Most of these binaries
are more than 200 pc from the Sun, except for TIC 180145888. The phase folded light
curves of each systems is displayed in Figure 5.4. Light curves of contact binaries usually
have significant peak-to-peak variation (> 10%), compared to variation created by star spots
(< 5%) that often have a similar shape. Due to this caveat, three of our candidates (TIC
14194175, TIC 67777670, and TIC 180145888) may in fact be fast-rotating spotted stars as
the amplitude of the modulation is small. However, a smaller than expected modulation in
a TESS light curve may also be caused by dilution of the light. Since the TESS camera has
very large pixels, other stars in the field of view may contribute to the light curve as well,
diluting the signal from the variable star. The only possible way to confirm their actual
binarity is to conduct photometric and/or spectroscopic observation in order to get higher
resolution images and spectra. As all candidates are relatively bright and have short periods,
this would require only moderate investment in observing time.
Conducting a Simbad3 search, we found that TIC 257421212 (Drake et al. 2014) and
TIC 469936055 (Drake et al. 2017) have been reported as eclipsing binaries. We provide a
list of contact binaries in Table 5.1, which includes TIC number, Gaia EDR3 source id,
positions (R.A. and Declination) in degree, Gaia parallax and total proper motion in miliarcseconds, Gaia G magnitude and G − GRP color, E(G − GRP ), AG , photometric metallicity
estimates from the grid ([Fe/H]grid ) in dex, orbital period (Porb ) in days, approximate amount
3

http://simbad.u-strasbg.fr/simbad/
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Figure 5.4: Phase-folded TESS light curves of eight contact binaries. All systems are identified among stars listed in our catalog of nearby halo stars and thus most likely consist of
pairs of very metal-poor, low-mass stars.
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Figure 5.5: Phase-folded TESS light curves of two CVs.
of amplitude variation (∆f in percentage), and references if the system was reported in
previous studies.
While halo contact binary systems are interesting in and of themselves, they cannot be
used to calibrate the mass-luminosity relation for metal-poor stars. This is because the
common-envelope nature of these systems makes their internal structure very different from
that of a single star.

5.3.2

TIC 349376464 and TIC 24695725: Cataclysmic Variable Stars

Cataclysmic variable (CV) stars are interacting binary systems that consist of a white dwarf
that has an accretion disk and a main-sequence star that is a mass donor to its companion.
The orbital period distribution of this type has a clear cutoff at Pmin ' 0.056 days (Warner
1995; Knigge, Baraffe, & Patterson 2011).
The light curve of TIC 349376464 has similar features as that of the other contact binaries
with a pattern that looks like a periodic symmetric wave. When the system is out of
eclipse, however, the star shows significant variability on very short timescales. This can
be attributed to variability in the accretion disk around the white dwarf. It is also notable
that the system has a period of Porb = 0.15760 days, which is just above the 2 − 3 hrs period
gap where only a few CVs are found. Based on these features, we speculate that this system
is in the class of variables known as SW Sextantis stars (Honeycutt, Schlegel, & Kaitchuck
1986; Szkody & Piche 1990; Thorstensen et al. 1991; Warner 1995), which is a type of CVs
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showing continuum eclipses that implies a high-inclination accretion disk. Confirmation
of this classification would formally require a spectrum to confirm the presence of singlepeaked emission profiles, including high-excitation features like He II λ4686 emission, and
shallowly (or not at all) eclipsed Balmer and He I emission lines (Hoard et al. 2003, see
references therein). A search of the Simbad astronomical database in any case reveals that
TIC 349376464 has already been has been reported as a CV star (Green et al. 1986) and as
a spectroscopic binary (Pourbaix et al. 2004).
Interestingly, the light-curve of another of our halo candidates, TIC 24695725, while not
showing a sinusoidal pattern typical of contact binaries, also shows the same pattern of high
variability in its bright state, which is again consistent with eclipses of the accretion disk in
a CV. We conducted cross-reference checks through the Simbad and found that this system
has also been reported as a CV star (Lin, Webb, & Barret 2012) and also as a spectroscopic
binary (Pourbaix et al. 2004). A reason that this system does not show a clear eclipsing
pattern is possibly because of the low-inclination angle of the accretion disk around the
companion white dwarf.
We list these two systems in Table 5.2, including TIC number, Gaia EDR3 source id,
positions (R.A. and Declination) in degrees, Gaia parallax and proper motions, Gaia G
magnitude and G − GRP color, E(G − GRP ), AG , variability period (Pvar ) in days, and
references if the system was reported in previous studies. Figure 5.5 displays the folded
light curves. The periods of both systems are ∼ 0.158 days, which is classified as a longperiod system (Porb > 0.125 days) of which angular momentum is lost by magnetic braking
associated with a magnetized stellar wind (Knigge, Baraffe, & Patterson 2011). Considering
their low tangential velocities (vt < 50 km s−1 ), there is high possibility that they do not
actually belong to the halo. It appears that they are in fact contaminants that made it into
our halo catalog because of the usual magnitude and color of these WD+M systems – the
color excess from the white dwarf disks makes both systems bluer than they should be for
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their low luminosity, and they thus masquerade as very metal-poor stars in both the reduced
proper motion (RPM) and color magnitude diagram (CMD).

5.3.3

Detached Eclipsing Binaries

We report the identification of 14 detached eclipsing binaries from our search. The phase
folded light curves of each system is displayed in Figure 5.6 and 5.7. More than half of
the systems are identified from the TESS light curves produced by full-frame (30-minute
cadence) data. The literature search finds that TIC 359032079 (Carollo et al. 2006) and TIC
365177176 (Pyrzas et al. 2012) have been previously reported. We provide a list of these
detached binaries in Table 5.3, including TIC number, Gaia EDR3 source id, positions
(R.A. and Declination) in degrees, Gaia parallax and total proper motion in mili-arcseconds,
Gaia G magnitude and G − GRP color, E(G − GRP ), AG , orbital period (Porb ) in days,
photometric metallicity estimates from the grid ([Fe/H]grid ) in dex, and references if the
system was reported in previous studies.

5.3.4

TIC 201236098: A ‘Beat Pattern’ Light Curve

The unfolded light curve of TIC 201236908 shows the ‘beat pattern’ as shown in Figure 5.8.
The beat pattern is an indication of possible differential rotation on one of the companions
or slightly different rotation periods of two binary members (McQuillan, Aigrain, & Mazeh
2013). Based on the periodogram of this system, shown in the bottom panel in Figure 5.8,
we report the period of this system to be 1.95806 days. This system may be a close binary
system, where the active pattern is stabilized over long time because of interaction with
the companion star. The other possible class of this system, however, is a pulsator. As an
absolute magnitude MG of this system is 4.15 mag, this system is found at the top of the
main sequence, where the stars start evolving off to the red giant stage.
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Figure 5.6: Phase-folded TESS light curves of 14 detached eclipsing binaries. All systems
are identified among objects listed in our catalog of nearby halo stars, and thus most likely
consist of pairs of very metal-poor, low-mass stars.
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Figure 5.7: Phase-folded TESS light curves of 14 detached eclipsing binaries. All systems
are identified among objects listed in our catalog of nearby halo stars, and thus most likely
consist of pairs of very metal-poor, low-mass stars. (Continued)

5.3.5

Possible Halo Exoplanet Candidates

We identify three objects where the eclipse can potentially be attributed to a planetary
companion. The first object is the star TIC 82362447 (TOI 639.01). Although the light
curve of this system, shown in the top panel in Figure 5.9, has low signal-to-noise (S/N),
we recover two sharp, narrow dips in its light curve by folding the light curve using a period of 5.63950 days. Interestingly, this system has been included in the TESS Objects of
Interest (TOI), which is a list of exoplanet candidates newly identified by TESS and also
previously known planets recovered by TESS observations (Guerrero et al. 2021). There is
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Figure 5.8: Top: the unfolded light curve of TIC 201236908 showing the ‘beat pattern’. This
system has been observed seven times so far and the light curve displayed here combines two
full-frame (30-minute) light curves from TESS observing runs for Sector 1 and 2, produced
by the QLP. Bottom: the periodogram of TIC 201236908 showing its peak around a period
of P = 0.977832 days.
a reported period (2.819817 ± 0.001165 days) and planet radius (22.75573 ± 21.919445 RL ),
listed in the Exoplanet Follow-up Observing Program for TESS (ExoFOP-TESS4 ). Additionally, the planet parameters reported in ExoFOP-TESS have been measured by EXOFASTv2
4

https://exofop.ipac.caltech.edu/tess/
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Figure 5.9: Phase-folded TESS light curves of three exoplanet candidates. All systems are
identified among objects listed in our catalog of nearby halo stars, and thus most likely
consist of pairs of very metal-poor, low-mass stars with planets.
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(Eastman et al. 2019), including a planet mass (635.65681 ± 2812.7814 ML ) and radius
(12.554058 ± 1.4571675 RL ). The uncertainty on the mass of the companion is very large,
but consistent with a Jupiter-mass object. This raises the possibility that this is a planet in
a very metal-poor system of either the thick disk or local halo population.
The other two exoplanet candidates are the stars TIC 91541431 and TIC 229802010.
As the light curves of both systems, shown in the middle and bottom panels in Figure 5.9,
display the same sharp, narrow features also seen in TIC 82362447, we speculate that these
stars may also have Jupiter-like planets. TIC 91541431 is included in the Candidate Target
List of TESS (CTL, Stassun et al. 2018, 2019), which is a subset of bright dwarfs in the TIC
to select targets for performing the TESS primary missions (e.g. finding exoplanets transiting
nearby bright stars). To confirm our speculation, though, we need high-S/N spectra in order
to conduct radial velocity analysis for finding planets.
We provide a list of these exoplanet candidates in Table 5.4, including TIC number,
Gaia EDR3 source id, positions (R.A. and Declination) in degrees, Gaia parallax and total
proper motion in mili-arcseconds, Gaia G magnitude and G − GRP color, E(G − GRP ), AG ,
orbital period (Porb ) in days, photometric metallicity estimates from the grid ([Fe/H]grid ) in
dex, and references if the system was reported in previous studies.

5.3.6

Confirmation of the Halo Membership

Figure 5.10 shows the spatial distribution of the 27 binary candidates in the sky in the
Galactic (l, b) coordinate system. Blue, yellow, red, and black points represent location of
contact binaries, CVs, detached eclipsing binaries, and exoplanet candidates, respectively.
Their distribution appears to avoid the Galactic plane, which may reflect the difficulty of
detection of transiting systems due to crowding in dense regions. As explained above, the
large size of the TESS pixels means that there will be significant contamination from field
stars in dense fields, which will significantly dilute the signal from a variable star. In the
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Figure 5.10: Spatial distribution of the 24 binary systems and three exoplanet candidates
identified from our catalog of nearby halo stars, shown in the Galactic (l, b) coordinate
system. Blue filled circles, yellow filled diamonds, red open circles, and black open squares
represent contact binaries, CVs, eclipsing binaries, and exoplanet candidates, respectively.
equatorial coordinate system, the candidates are rather evenly distributed in the sky, but
slightly more concentrated in the Southern hemisphere.
Figure 5.11 displays the distribution of the binary candidates in the CMD with the
distribution of the entire catalog of halo candidates shown for comparison (grey points).
Most notably, we can see the “dual sequences” for main-sequence stars (see Chapter 3) which
corresponds to the more metal poor (bluer) and more metal rich (redder) populations. Again,
blue and red points represent contact binaries and eclipsing binaries, respectively. This
diagram further supports the assumption that the two CV candidates are indeed WD+M
pairs, which is consistent with the definition of CVs. All the other binaries and exoplanet
candidates seem to be fit well to the main sequence and are probable members of the halo
population. Stars along the blue sequence are perfect halo binary candidates because of the
fact that the blue sequence consists of very metal-poor stars. In this logic, stars in the red
sequence may have a lesser chance to be members of the halo populations, and are more likely
to be thick disk stars. However, they should not be fully ruled out as halo candidates because
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Figure 5.11: A CMD of 24 binary systems and three exoplanet candidates overplotted on
distribution of all halo stars in our catalog. Blue filled circles, yellow filled diamonds, red
open circles, and black open squares represent contact binaries, CVs, eclipsing binaries, and
exoplanet candidates, respectively.
unresolved binary systems generally appear to be more luminous than a single star in the
CMD. For example, a binary system consisting of equal-mass stars should be overluminous
by 0.7 mag compared to a single star with same mass. This upward shift may move a star
from the metal-poor sequence up in the CMD, is such a way that it might appear to be on
the more metal-rich sequence.
Since we do not have radial velocity information for these stars, we cannot measure their
3D U V W velocity vector and thus verify their halo membership from kinematics. However,
we can confirm halo membership for some of the stars but looking at their projected motion in
the plane of the sky. We checked the kinematics of halo transiting systems in the projected
U V plane, shown in the left panel in Figure 5.12. Gray background stars are halo stars
in high Galactic latitude (|b| > 75◦ ) and gray shaded region shows where stars show disk
kinematics (vt < 200 km s−1 ). Since using stars in high Galactic latitude is necessary to
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Figure 5.12: Left: Kinematics of binary systems in high Galactic latitude (|b| > 60◦ ) in
the projected U V plane. Blue, red, and black points represent four contact binaries, eight
eclipsing binaries, and one exoplanet candidate, respectively. Cross marks are three stars
that show the disk kinematics (vt < 200 km s−1 ). Stars that share the halo kinematics seem
to belong to the Gaia-Enceladus Stream. Right: A CMD of the same transiting systems with
the halo kinematics in the left panel with respect to the distribution of all halo candidates
in high Galactic latitude. Systems found in the lower sequence are most likely to belong the
halo, however, we cannot rule out systems on the top of the upper sequence, considering the
fact that binaries do usually appear to be overluminous than a single field star.
measure the projected motion in the U V velocity plane, we select 13 transiting systems that
are at high Galactic latitude but with a relaxed condition (|b| > 60◦ ) in order to include
more candidates. Stars colored in blue, red, and black represent four contact binaries, eight
eclipsing binaries, and a exoplanet candidate, respectively. There are three systems showing
disk kinematics (cross marks), which happen to be relatively nearby systems located within
100 pc of the Sun; these stars are likely members of the Galactic thick disk and still relatively
metal-poor compared to the thin disk population. On the other hand, there are 10 systems
showing clear halo kinematics and all of them appear to belong to the Gaia-Enceladus stream.
Considering the fact that there are a few smaller-scale substructures that overlap with the
Gaia-Enceladus streams, it would be useful to obtain radial velocities of these systems in
order to conduct further kinematic analysis.
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The right panel in Figure 5.12 shows the same CMD as Figure 5.11, but only displaying
stars with demonstrated halo kinematics. For consistency, gray background stars are the
same stars in high Galactic latitude shown in the left panel in Figure 5.12. The three
systems of lowest mass and luminosity (MG > 7.0) are clearly found along the metal-poor
sequence, and thus confirmed as metal-poor halo objects. Among the more luminous pairs
(MG < 7.0) we find a mix of stars on the more metal-poor and more metal-rich sequences.
However, to find stars on the more metal-rich sequence does not necessarily mean they are in
fact from the thick disk population, because unresolved binaries can appear over-luminous
in the CMD. Therefore, follow-up spectroscopic observation of these stars will be crucial to
confirm if they belong to the more metal-poor or more metal-rich sequence.
Overall, we calculate a recovery rate of 0.0035 for eclipsing binaries in the local Galactic
halo population, based on the number of high-tangential-velocity (vt > 200 km s−1 ) binary
candidates with respect to 5, 564 high-tangential-velocity stars with the TESS light curves.
This however means that a full photometric monitoring survey of the ∼ 500, 000 stars in
our full catalog of halo stars could potentially recover 1, 750 eclipsing binary systems; this
would only be possible if photometric surveys like TESS were to be made with larger space
telescopes and be able to survey fainter stars.

5.4

Conclusions

We report the identification of 24 binary systems and three exoplanet candidates identified
in our catalog of 551, 214 local halo star candidates. These were identified from an analysis of
TESS light curves that were collected for 7, 689 of the catalog stars. We conducted our search
by assembling a list of TIC IDs of halo stars in our halo catalog in order to search the TESS
data products from the MAST public data archive using a python package called Lightkurve.
From the initial search, we obtained light curves for 8041 stars produced by the TESS data
processing pipeline. Among those, we find 10 contact binaries, 14 eclipsing binaries, and
three exoplanet candidates in total, including five systems that are reported in Simbad as
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eclipsing or spectroscopic binaries. One of transiting systems (TIC 82362447) was previously
reported as a possible planet candidates in ExoFOP. All the other eclipsing systems are new
discoveries, and they potentially include two more systems where the eclipsing body may be
a large exoplanet.
Checking their distribution in the CMD, it appears that about 60% of the systems are
found in the more metal-poor (bluer) branch of the main-sequence, consistent with the local
halo population, which is dominated by stars in the Gaia-Enceladus stream. Considering the
fact that unresolved binaries can appear to be overluminous, binary candidates falling in the
more metal-rich (redder) branch could in fact also be metal-poor objects in the halo. It is,
therefore, essential to perform follow-up spectrocopic observations to obtain radial velocities
for all the stars and obtain independent estimates of their metallicity values. We however
conduct a quick kinematic check for 13 candidates with high Galactic latitude in order to
examine their halo status by checking the projection of their motion in in the U V velocity
plane. We find that most candidates are confirmed to have halo kinematics (vt ≥ 200 km s−1 )
and also seem to belong to the Gaia-Enceladus stream. Since most of the candidates have
periods less than a day, they would be easy to confirm as double-lined spectroscopic binaries,
and would be excellent systems for calculating the individual masses of the components. The
present list of systems thus represents an important calibration subset than can be used to
calibrate the mass-luminosity relationship for low-mass, metal-poor stars, and will be critical
for calculating the initial mass function of Galactic halo populations.
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Table 5.1: A List of Eight Contact Binaries in the Local Galactic Halo.
TIC
∗

14194175

R.A.

Decl.

π

µtot

G

G − GRP

E(G − GRP )

AG

[Fe/H]grid

Porb

∆f

source id

(deg)

(deg)

(mas)

(mas)

(mag)

(mag)

(mag)

(mag)

(dex)

(day)

(%)

999875915588808320

103.84885

54.97072

2.470

111.44

11.368

0.475

0.0243

0.0998

-2.344

0.23667

0.3

1291421147498631680

226.54898

34.59885

4.298

314.85

14.004

0.672

0.0

0.0

-2.356

0.27668

5.5

101582909

5434484246335909888

150.44946

-35.69786

1.225

79.919

15.198

0.523

0.0

0.0

-1.428

0.61278

55

180145888∗

4987241673937733376

14.32567

-40.75980

19.169

296.16

14.796

0.934

0.0

0.0

-3.0

0.17423

3.0

257421212

2452094552678372608

22.27973

-15.36060

1.264

99.653

13.435

0.393

0.0

0.0

-2.116

0.28530

17

405412976

6385304415558377344

337.33830

-69.54045

1.793

117.75

12.456

0.405

0.0

0.0

-2.071

0.32505

11

441427485

6793990929098911488

311.59130

-31.57179

2.337

188.62

14.581

0.668

0.0

0.0

-0.6893

0.16461

29

469936055

6522417707431402880

355.47159

-52.16266

1.094

61.705

15.504

0.641

0.0

0.0

0.3

0.23511

32

67777670∗

∗

Reference

Drake et al. (2014)

Drake et al. (2017)

Its light curve may indicate spot rotations.

Table 5.2: A List of Two Cataclysmic Variable Stars.
TIC

source id

R.A.

Decl.

π

µtot

G

G − GRP

E(G − GRP )

AG

Pvar

(deg)

(deg)

(mas)

(mas)

(mag)

(mag)

(mag)

(mag)

(day)

Reference

24695725

4697621824327141248

25.25221

-67.89088

7.716

50.273

17.213

0.533

0.0

0.0

0.15785

Lin, Webb, & Barret (2012)

349376464

1203639265875666304

238.19645

18.94162

7.594

75.855

16.051

0.534

0.0

0.0

0.15760

Green et al. (1986)

Table 5.3: A List of 14 Eclipsing Binaries in the Local Galactic Halo.
TIC

source id

R.A.

Decl.

π

µtot

G

G − GRP

E(G − GRP )

AG

[Fe/H]grid

Porb

(deg)

(deg)

(mas)

(mas)

(mag)

(mag)

(mag)

(mag)

(dex)

(day)
1.13829

Reference

77207658

4864684782146549760

68.96564

-38.70372

4.724

126.92

12.727

0.543

0.0

0.0

-2.180

98445268

1248957836635073536

203.42541

19.37329

1.009

64.482

13.623

0.397

0.0

0.0

-2.352

0.76432

115241105

4998573412571668992

6.33272

-37.89949

2.774

140.65

12.806

0.510

0.0

0.0

-0.216

0.23869

175458617

6550787787485221888

350.81261

-37.54528

2.811

179.21

15.334

0.746

0.0

0.0

-1.998

0.33606

201236098∗

4923847578691749120

0.05451

-54.91480

3.265

277.28

11.586

0.399

0.0

0.0

-1.907

1.95866

201726459

6472165353116571008

302.91063

-55.46449

4.922

408.66

15.817

0.914

0.0

0.0

-1.995

0.38362

250414967

2492403988981973120

31.39335

-3.60788

1.122

72.698

13.575

0.438

0.0

0.0

-1.224

1.70691

251090202

1019271438140599296

139.87177

51.33834

1.053

50.437

13.038

0.433

0.0

0.0

-2.684

2.64194

257158718

1308325107984132864

256.04555

27.76790

1.230

56.970

13.000

0.475

0.0487

0.200

-3.0

0.70967

266722458

5135060085894818304

28.72504

-21.80198

1.071

78.777

13.400

0.439

0.0

0.0

-1.635

1.44495

358397062

3126935512331585536

99.16741

2.23981

5.017

251.43

10.512

0.442

0.0

0.0

-0.951

0.76701

359032079

4028597414327329664

182.54089

33.78879

21.792

437.57

15.507

1.127

0.0

0.0

-1.391

0.12449

Pyrzas et al. (2012)

365177176

3662988495054111232

204.06557

0.29175

10.770

314.09

16.695

0.886

0.0

0.0

-3.0

0.12194

Carollo et al. (2006)
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Table 5.3: A List of 14 Eclipsing Binaries in the Local Galactic Halo.
TIC
441567517

R.A.

Decl.

π

µtot

G

G − GRP

E(G − GRP )

AG

[Fe/H]grid

Porb

source id

(deg)

(deg)

(mas)

(mas)

(mag)

(mag)

(mag)

(mag)

(dex)

(day)

1112331422256896768

109.01998

74.62415

1.532

89.610

12.947

0.413

0.0279

0.115

-2.559

1.82435

Reference

A star showing a ‘beat pattern’ light curve.

Table 5.4: A List of Three Halo Exoplanet Candidates.
R.A.

Decl.

π

µtot

G

G − GRP

E(G − GRP )

AG

[Fe/H]grid

Porb

source id

(deg)

(deg)

(mas)

(mas)

(mag)

(mag)

(mag)

(mag)

(dex)

(day)

Reference

82362447

5516242316075925376

124.25015

-47.65197

6.120

140.94

16.294

1.040

0.0

0.0

-1.109

5.63950

Eastman et al. (2019)

91541431

5066775740886394112

37.01545

-31.34379

4.182

318.11

16.964

0.964

0.00797

0.0327

-2.060

3.74743

229802010

6460599040547767168

328.56379

-55.97885

1.284

70.076

14.827

0.561

0.0

0.0

0.08817

8.20000

TIC
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Chapter 6
SUMMARY AND FUTURE WORK

We present a catalog of halo objects within 2.5 kpc from the recent Gaia data releases. Stars
in the catalog are identified from the reduced proper motion diagram, which is a tool for
separating stellar populations by their colors, proper motions, and brightness. Since the
colors and magnitudes of stars further than 100 pc from the Sun are altered by interstellar
reddening, the 3D reddening map has been applied for correcting the reddening and color
excess. Among the candidates, there are small number of stars with spectroscopic metallicities from large astronomical surveys, such as SEGUE, APOGEE, LAMOST, and GALAH.
We assemble those stars with spectroscopic metallicities and build the photometric metallicity grid. A photometric metallicity estimate for a star is calculated from a given color and
magnitude.
To perform the kinematic analysis, we select stars in the small patches in the sky with
a radius of 20 degrees and treat tangential velocities of those stars as the Galactic spatial
velocities. The local Galactic halo seems to be formed by small clumpy debris streams. We
confirm that the most prominent features in the Solar neighbourhood are the Gaia-Enceladus
stream and the Helmi stream and that the Gaia-Enceladus stream may actually be groups
of smaller debris streams. We also identify 103 new members of the Helmi stream that seem
to be found in the blue sequence in the CMD. Spectroscopic follow-up is required to confirm
additional debris streams or the membership of our candidates in the Helmi stream.
Using the same method, we also identify white dwarfs in the local halo from Gaia DR2.
We confirm their halo status using the projected U V W velocities and PanSTARRS DR1
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colors. A few white dwarf candidates seem to be low-mass white dwarfs or white dwarf
binaries, which can be only confirmed by spectroscopic analysis. As the Universe is not old
enough to create the low-mass (MWD ∼ 0.2 − 0.3M ) white dwarfs, we expect most of our
candidates are actually (spectroscopic) binaries. In semester 2019b and 2020b, we obtained
low-resolution spectra (R ∼ 2000) of 19 halo white dwarf candidates using GMOS at Gemini
South observatory. We reduced most spectra, and hence are ready for starting further
analysis to confirm their halo status and binarity. From a preliminary analysis, we find that
all stars have the same strong, broad hydrogen absorption lines on the continuous spectrum.
A few objects even show double-line features in their spectra, which is an indication of
binarity.
As part of several applications of our catalog, we perform the TESS light curve analysis
to search for halo eclipsing binaries. We identify 24 contact and eclipsing binaries with short
periods (P < 5 days) and three exoplanet candidates. These objects form an important
sample for spectroscopic follow-up observing targets to get the mass function of the local
halo. Observing the spectra of these binaries will provide radial velocities of members from
double lines and radial velocities of binary systems themselves from overall spectral shift.
This kind of information allows us to calculate individual masses of the systems, and hence
eventually the mass-luminosity ratios. Since most stars seem to be bright enough to be
observed by medium size telescopes (3 – 4 m), we plan to apply for observing time to
request a ground-based high-resolution spectroscopic follow-up survey for these systems.
We are truly blessed in living in such a revolutionary era right now thanks to the Gaia
mission and large astronomical surveys, such as SDSS, GALAH, PanSTARRS, RAVE, and
LAMOST. In the following years, we expect to have the third and fourth Gaia data releases. Those datasets will contain valuable information on stars in the Milky Way, including radial velocities for all stars with G < 16, a full 3D reddening map, stellar parameters
(Teff , log g, [Fe/H]) from low-resolution spectra, and light curves for variables and eclipsing
binaries. Additionally, the ground-based surveys, such as SDSS-V, WEAVE, DESI, 4MOST,
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and LSST, will provide an enormous amount of photometric and spectroscopic data for stars
in the Milky Way, which will have a huge synergy with the Gaia data. Our catalog is a great
target list for follow-up spectroscopic surveys that can supplement the observational data of
the Gaia mission for low-mass stars.
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Girven, J., Gänsicke, B. T., Steeghs, D., & Koester, D. 2011, MNRAS, 417, 1210
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Ivezić Ž., Kahn S. M., Tyson J. A., Abel B., Acosta E., Allsman R., Alonso D., et al., 2019,
ApJ, 873, 111. doi:10.3847/1538-4357/ab042c
142

Jao W.-C., Nelan E. P., Henry T. J., Franz O. G., Wasserman L. H., 2016, AJ, 152, 153.
doi:10.3847/0004-6256/152/6/153
Jenkins J. M., Twicken J. D., McCauliff S., Campbell J., Sanderfer D., Lung D., MansouriSamani M., et al., 2016, SPIE, 9913, 99133E. doi:10.1117/12.2233418
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